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FOREWORD 


Thu  three-volume  book  of  proceedingB  inchidee  the  written  versions  of  the 
p^urs  presented  at  the  Second  International  Congress  on  Recent  Developments 
in  Air-  and  Structuie-Bome  Sound  and  Vibration  held  at  Auburn  University 
March  4-6, 1992.  The  Congress  was  qx>n8ored  by  Auburn  University  in  co<^ration 
with  the  International  Commission  on  Acoustics  of  lUPAP  and  the  20  professional 
societies  in  14  countries  listed  at  the  beginning  of  each  volume.  The  siJQiport  of 
this  Commission  and  the  professional  socuties  has  been  invaluable  in  ensuring 
a  truly  international  congress  with  participation  from  30  countries.  This  siqq>ort 
u  gratefully  acknowledged.  In  addition,  the  organizing  committee  would  like  to 
thank  the  National  Science  Foundation,  the  Office  of  Naval  Research,  the  Office 
of  Naval  Research— Europe,  the  Alabama  Space  Grant  Consortium,  NASA,  the 
College  of  Engineering  and  the  Dqiartment  of  Mechanical  Engineering  of  Auburn 
University  for  ffioancial  assistance. 

Topics  covered  in  the  Proceedings  include  Sound  Intensity,  Structural  Intensity, 
Modal  Analysis  and  Synthesis,  Statistical  Energy  Analysis  and  Energy  Methods, 
Passive  and  Active  Damping,  Boimdary  Element  Methods,  Diagnostics  and  Con¬ 
dition  Monitoring,  Material  Characterization  and  Non-Destructive  Evaluation, 
Active  Noise  and  Vibration  Control,  Sound  Radiation  and  Scattering,  and  Finite 
Element  Analysis. 

The  order  in  which  the  217  pi^rs  appear  in  these  volumes  is  roughly  the 
same  as  they  were  presented  at  ^e  Congress  although  the  order  is  mo^ed 
somewhat  so  they  can  be  groiqied  in  the  topics  above.  There  are  aiso  six  keynote 
papers,  including  Professor  Sir  James  Lighthill  on  Aeroacoustics  and  Atmoq}heric 
Sound,  Professor  Frank  J.  Fahy  on  Engineering  ^;}plications  of  Vibro-Acoustic 
Reciprocity;  Dr.  Louis  Dragonette  on  Underwater  Acoustic  Scattering,  Professor 
Robert  E.  Green  on  Overview  of  Acoustical  Technology  for  Non-Destructive 
Evaluation,  Professor  David  Brown  on  Future  Trends  in  Modal  Testing  Technology 
and  Professor  Lothar  Gaul  on  Calculation  and  Measurement  of  Structure-borne 
Sound.  The  papers  in  this  book  cover  all  nuyor  tt^ics  of  interest  to  those  concerned 
with  engineering  acoustics  and  vibration  problems  in  machines,  aircraft,  spacecraft, 
other  vehicles  and  buildings. 

In  tiie  last  30  years,  improvements  in  computers  have  allowed  rapid  develcpments 
in  both  theoretical  and  eqwrimental  analysis  of  acoustics  and  vibration  problems. 
In  the  eariy  1960s  statistical  energy  analysis  (SEA)  was  first  ^iplied  to  coupled 
sound  and  vibration  problems.  In  the  early  1970s  the  finite  element  method  (FEM) 
was  first  used  in  acoustics  problems.  In  recent  years  considerable  progress  has 
been  made  with  the  boundary  element  ixMthod  (BEM)  in  which  discretization  is 
confined  to  two-dimensional  surfaces  instead  of  three-dimensional  fields.  Some 
of  these  aiproaches  have  been  combined  for  instance  m  SEA-FEM.  The  1980s, 
which  have  also  seen  rapid  advances  in  inproved  measurement  techniques,  could 
be  called  the  decade  of  sound  intensity,  as  it  can  now  be  used  for  rapid  meas¬ 
urements  of  the  in-situ  sound  power  of  a  machine,  to  rank  noise  sources  and 
determine  transmission  loss  of  structural  partitions.  Power  flow  in  structures  also 
now  can  be  determined  with  the  use  of  structural  intensity  measurements.  Smmd 


and  vibration  signals  ate  being  used  incieasini^  to  diagnose  the  condition  of 
machinery  and  to  detect  faults  or  to  determine  the  pn^rties  of  materials  through 
non-deetructive  evaluation.  There  is  also  increased  ki^ledge  in  sound  radiation 
and  scattering;  in  particular  advances  have  occurred  in  scattering  theory  and  in 
numerical  solution  techniques. 

The  organization  and  hosting  of  a  conference  is  a  considerable  undertaking, 
and  this  Congress  is  no  different.  We  would  firstly  like  to  thank  all  the  authors 
who  submitted  their  contributions  promptly  wM>Hng  publication  of  this  book 
before  the  Congress  possible.  We  wcnild  also  like  to  acknowledge  the  assistance 
of  the  scientific  committee  and  organizing  committee  who  heh>ed  to  conq>letely 
organize  some  sessions.  The  staff  of  the  Mechanical  Engineering  Department  of 
Auburn  University  aleo  provided  valuable  assistance.  Our  q)ecial  thenlm  are 
extended  to  Rose-Marie  ^ik  who  worked  untirini^  and  efficient^  on  all  aqiects 
of  the  Congress  program  and  this  book,  to  Julia  Shvetz  who  provided  invaluable 
e:q)ert  assistance  in  all  areas  of  Congress  planning  in  particular  with  travel 
arrangements  for  foreign  guests,  and  to  Olga  Riabova  for  her  hard  work  on 
Congress  communications. 

Malcolm  J.  Crocker,  General  Chairman 

P.K.  Rqju,  Program  Chairman 
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THE  RECIPROCITY  PRINCIPLE 
AND  APPLICATIONS  IN  VIBRO-ACOUSTICS 


FJFahy 

InsdtutB  Sound  &  Vibration  Research 
University  of  Southampton 
England 


ABSTRACT 

Lotd  Rayleigh  postulated  the  general  theory  of  vibro-acoustic  recipiwty  in  1873,  and  in  1959 
Lyamshev  confumed  and  elaborated  it  in  application  to  vibrational  interaction  between  elastic 
shells  and  compressible  fluids.  In  many  cases  of  sound  radiation  from  vibrating  structures, 
and  of  structural  temonse  to  incident  sound,  reciprocal  measurements  of  transfer  rancdons  are 
often  cheaper,  less  labour  intensive,  more  convenient  and  more  accurate  than  the  equivalent 
diren  measurements.  This  paper  summarizes  the  basic  principles  of  vibro-acoustic  reciprocity 
and  illustrates  its  benefits  by  application  to  a  wide  range  of  prknical  problems. 

1.  INTRODUCTION 

In  its  most  general  sense,  the  ptmciple  of  reciprocity  states  that  the  vibrational  response  of  a 
linear  ^^m  to  a  time-hannonic  disturbance  which  is  aimlied  at  some  point  by  an  external 
agent,  is  invariant  with  respect  to  exchange  of  the  points  of  input  and  observed  response. 

The  Hon.  J  W  Strutt  (Lord  Rayleigh)  presented  the  most  comprehensive  proposition  of  the 
general  principle  of  reciprocity  for  vibrating  systems  in  a  paper  read  before  the  Mathematic^ 
Society  of  London  in  1873.  However,  it  was  the  great  Ciemum  scientist  Hermann  von 
Helmholtz,  who  first  asserted  that  acoustic  fields  exhibited  reciprocity,  in  a  paper  of  1860  on 
the  acoustic  behaviour  of  open-ended  pipes.  He  subsequently  fortnalised  his  expression  of 
the  principle  as  applying  to  simple  sources  (point  volumetric  iiwnopoles)  and  field  point 
pressures,  in  the  presence  of  an  aibitrary  numlw  and  form  of  rigid  scatteiers  in  the  fluid. 

In  a  development  of  cru^_  significance  for  the  practical  application  of  reciprocity,  Rayleigh 
danmstrat^  tot  the  principle  can  be  extended  to  harmonic  vibration  of  all  non-conservative 
(dissip^ve)  vibratog  systems  in  which  to  dissipative  forces  ate  linearly  dependent  upon  to 
velocities,  or  relative  velocities,  of  the  system  elements.  He  conclude  his  1873  paper  by 
stating,  in  relation  to  acoustic  reciprocity,  that  "we  are  now  in  a  position  to  assert  that 
(acoustic)rec(prociry  will  not  be  interfered  with,  whatever  the  number  of  strings,  membranes, 
forks,  etc.  may  be  present,  even  though  they  are  subject  to  damping".  Raylei^  was  aware 
tot  his  reciprocity  theorem  'on  account  of  its  extreme  generality,  may  appear  vague'.  In  this 
he  was  indeed  pt^iem.  It  was  not  until  1959  tot  the  Russian  scientist  L  M  Lyamshev 
published  a  formal  proof  of  to  correaness  of  this  supposition,  and  paved  to  way  for  many 
of  the  modem  applications  of  to  principle  of  reciprocity  to  vibro-acoustic  pr^lems,  as 
described  below. 

2.  RAYLEIGH  AND  RECIPROCITY 
2.1  Vibrational  Recinrocitv 

In  the  'Acoustician's  Bible',  The  Theory  of  Sound,  Rayleigh  presents  explicit  examples 
which  clarify  to  imlications  of  his  theory.  These  are  impwtant,  because  they  demonstrate 
jqtplications  in  which  forces  and  couples,  and  translational  and  rotational  displacements  are 
involved.  The  cases  are  illustrated  in  Fig  1,  in  which  to  tilde  indicates  complex  amplitude  of 
a  harmonically  varying  quantity. 
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gure  1.  Various  realisations  Rayleigh's  leciprmty  principle 
[*■  indicates  complex  amplitude  of  a  tiine-hannonic  qu^ty]. 


Reciptoci^  for  transient,  or  non-pmodk,  events  is  not  satisifed  for  mechanical  systems  with 
arbitraty  disttibutions  of  non- velocity-dependent  damping,  such  as  the  hysuredc  loss  model 
often  assumed  to  rqiresent  structural  damping. 

2.2  Acoustic  Redprocitv 

A  bomogmeous  fluid  at  rest  behaves  like  a  linear  elastic  medium  in  response  to  small  applied 
disturbances.  In  air.  energy  dissipation  arises  from  visco-thermal  and  molecular  relaxation 
mechanisms,  but.  in  cases  of  pnctical  inrerest  in  the  fidd  of  vibro-acousdcs.  dissipative 
effects  are  weak,  and  teciptodw  is  found  to  apply.  The  physical  cases  trf  primaiy  practical 
interest  are.  however,  ratha  different  in  the  cases  of  fluids  utd  solid  structures.  In  a  fluid,  it 
is  diflkult  to  generate  a  known  force  in  a  known  direction,  and  also  difflcult  to  measure 
particle  velocity  (at  least  it  used  to  be).  On  the  other  hand,  tte  fundamental  acoustic  source 
(the  point  moni^c)diylaces  fluid  at  a  rate  desnibed  by  its  volume  velocity  Q.  and  the  most 
common  ftxm  <n  acoustic  transducer,  the  pressure  microphoiie,  transduces  the  force  F  qtplied 
by  the  fluid  to  hs  di^thragm.  Hence,  prodded  that  this  force  is  not  significantly  alie^  by 
duqthragm  motion,  anl  tint  the  tnicro^ione  ditqthragm  is  small  conqwed  with  an  acoustic 
wavelength  (omni-directianal),  this  system  should  exhibit  reciprocal  behavioor  in  die  ratio 
FA2>  according  to  Rayleigh's  principle.  In  fact.  Rayleigh  also  extended  the  recimocity 
relationship  to  acoustic  dipoles  and  particle  velocities  in  the  resulting  sound  fields.  Since  a 
point  diptde  can  also  be  rqnesenred  by  a  point  force  qrplied  to  a  fluid,  this  should  not  cause 
any  surnise.  This  latter  form  of  acoustic  reciprocity  does  not  seem  to  have  found  much 
practical  qqilkation,  but  readers  who  can  think  of  some  mi^  wish  to  communkare  widi  die 
author.  The  basic  cases  acoustic  reciprocity  in  fluids  are  filustrated  by  HgZ 
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3.  FLUID  BOUNDARIES 

The  ^uestioii  of  the  influence  of  the  dyuank  behaviour  of  the  boundaries  of  a  fluid  on  the 
validity  of  the  acoustic  reciprocity  ptinapk  has  exercised  the  minds  of  many  scientists  [See 
Ref.l].  Rayleigh  and  Helmholtz  in^riied  that  the  presence  of  iocoffyreactutyhoiMdiiries.  or, 
in  modem  parlLioe,  intpedoiieu  botmdaries,  does  not  invalidate  reciprocity.  Later.  Skudrsyk 
[1  l]coiifiniied  the  correctness  of  their  cooclusiott.  tt  would  appear  mat  the  above-mentioned 
ooefined  their  analyses  to  locally  reacting  surEmes  because  the  assodaied  impedance  boundary 
condition  can  readuy  be  inooipotaied  into  the  acoustic  equations.  However,  the  implicatinn  of 
Rayleigh's  general  reciprocity  principle  is  that  all  coroponents  taking  part  in  the  dynamic 
behaviour  can  be  inco^orated  into  the  total  system,  subject  to  the  proviso  that  their  unetic. 
potential  and  dissipational  energy  functions  are  positive  deflnite  quadratic  functions  of 
velocity.  The  practical  implications  for  the  qipucation  of  reciprocity  to  vibro-acoustk 

Clems  are  profound.  It  is  surprising  that  it  was  nearly  a  hundred  yean  before  Lyamshev 
lally  demonstrated  that  elastic  structures  which  are  contiguous  with  a  fluid  may  be 
incorpocsted  into  the  total  dynamic  system  to  which  redprocity  applies  [S.6].  Vibio-acoustic 
reciprocity  as  applied  to  ela^  systems  such  as  {dates  and  shells  is  lUustnUted  by  Hg  3. 


Figure  3.  Lyamshev  reciprocity  relatkmship  for  elastic  structures  excited  by  a  jioint  foroe. 


4.  DISSIPATIVE  BOUNDARIES  AND  SOUND  ABSORBERS 

The  question  of  the  validity  of  the  vibro-acoustic  reciinocity  principle  in  the  presence  of 
dissi{>ative  mechanisms  of  the  tyiie  exhibited  by  jxirous  sound  absorbers  is  a  vexed  one. 
Jannssen  [IS]  concluded  that  the  {nesc^  of  gyrostatic  terms  in  the  governing  equations  irf 
{lorous  sound  absorbers  invalidates  reciprt^ty;  but  ten  Wolde  [13]  discounts  fois  conclusion 
as  an  artefoaofthe  model  selected,  which  is  phenomenological,  and  therefore  inexact.  VsThe 
Theory  of  Sound,  Rayleigh  aigues  that  even  (fissi[>ation  due  to  diermal  conduction  or  radiation 
is  not  expected  to  invali^te  reciprocity  under  conditions  of  harmonic  excitation,  tentatively 
suggesting  that  "the  theorem  is  perhaps  sufficiently  general  to  cover  the  whede  field  of 
dissi{>ative  f<»ces."  The  theoretical  arguements  could  continue  indefinitely,  but  the  rather 
limits  amount  of  exfietimental  evidence  published  to  date  suggests  that  reciprocity  bolds 
exce|H  where  dissipation  derives  from  the  generation  of  turbulent  flows  (eg  in  IC  enpne 
exhaust  silencers),  and/or  where  non-linear  fluid  dynamic  mechanisms  operate  (eg  in  aircraft 
engine  intake  absorbers  operating  at  extremely  high  sound  levels).  Perha|>s  soitte  readers 
might  like  to  contribute  new  expetimentai  evidence  relevant  to  this  {xoUem. 

5.  MODERN  APPLICATIONS  IN  VIBRO-ACOUSTICS 

Sound  Radiation  from  VUiratiny  Stramirr^ 

Prediction  of  the  sound  field  radiated  by  a  vitnating  body  is  a  problem  shared  by  many 
theoreticians  and  practitioners  in  the  field  of  engineering  acoustics,  indudinf  the  designers  M 
active  sonar  transducers,  submarine  hulls,  car  engines  and  loudnieaker  cabinets.  Aiw^tical 
estimates  are  largely  limited  to  bodies  of  regular  geometry  which  can  be  modelled  as  rigidly 
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baffled  flat  plates  ot  cylindrical  shells.  In  cases  of  bodies  of  inecular  geometry,  the 
tbeotetical  requirement  is  to  determine  the  Green  function  which  relates  surface  nomial 
vihntkMalaccden^  to  the  sound  pressure  in  the  ladialed  field.  Computatioiial  techniques 
such  as  finite  element  and  boundaiy  element  analysis  are  now  available  fior  ueating  radiatioo 
from  bodies  or  aibUmy  geometiy.  ‘niey  empl^  tirt  free-space  Green  function,  whidi 
means  that  the  radiated  add  is  expiessed  in  the  distriburions  of  hath  nctmal  acceleraiian  and 
pressure  over  the  surface  of  the  vibrating  body.  Because  the  field  pressure  is  die  variable 
sou^  iterative  sidutioiis  are  necessary;  these  can  be  cosdy  and  tune  consuming  to  apply  if 
the  bodies  are  large  and  highly  irregular.  The  influence  on  the  radiated  field  of  geomeoically 
and  materially  cortex  scatterers  and  absorbers,  such  u  those  present  in  the  factory 
envirooinent,  cannot  be  represented  widiin  die  limits  of  practical  cost  constraints. 

An  alternative  empirical  method  of  determining  the  iqipropriate  Green  function  is  offered  by 
the  reciprocity  principle,  as  ilhisirated  by  Hg  4.  An  etane^  area  of  a  vibrating  surface  may 
be  rqxesented  by  a  monoptde  source  acting  at  die  surface  of  the  otherwise  motionless  body. 
The  tiansfo  function  betnm  source  and  receiver  prnm  is  identical  with  that  generated  on  the 
suifree  of  the  rigid  body  by  a  moM^e  at  die  orig^al  receiver  point,  itreqiective  of  the 
acoustical  environment  (provided  it  is  linear  and  has  time-invaiiant  physical  properties).  The 
total  fidd  generated  by  a  continuous  distributioo  of  Dormal  acceleration  over  die  surfMe  of  the 
body  may  be  represented  by  a  discrete  array  of  surface  monopoles  ttf  ^ipnqiriate  amplitude 
and  phase,  tfen^  the  total  field  at  a  receiver  point  may  be  estmoatedlw  summing  the  product 
of  measured  (or  calculated)  surface  accelerations,  sanqiled  at  a  set  of  discrete  points  on  the 
surface,  with  the  cotre^xindin^  Green  functions.  The  latter  are  measured  by  insonifying  the 
rigid  body  with  an  omm-directional  point  source  of  known  strength  and  measuring  die  sraind 
pressures  on  the  siuface  of  the  body  with  a  small,  omni-^directional  roving  nricioidioDc  placed 
close  to  dw  surface.  Naturally,  the  acoustic  environment  should  be  the  same  for  the  reciprocal 
measurement  as  for  the  required  estimadon. 

A  fundamental  problem  in  attempting  to  ^iply  die  reciprocity  principle  as  described  above  is 
the  experimental  characterization  ^  the  surface  vibration  field.  Adequate  criteria  for 
discreuzatiott  of  a  surface  have  not  yet  been  developed,  pardculariy  in  cases  where  the 
structure  is  highly  non-uniform  in  strffness  or  mass  distribution.  It  is  clear  that  it  is  only 
necessary  to  acquire  data  which  will  {uoduce  a  reasonably  accurate  estimate  of  the  supersonic 
wavenumber  conqxxients  (k,  <  k)  <rf  the  surface  vibration,  because  the  subsonic  conqxments 
(k,  >  k)  don't  radiate.  Unfortunately,  it  is  not  simple  to  avoid  spatial  frequency  aliassing, 
siiice  a  ^tial  equivalent  trf  the  anti-aliassing  filter  is  not  readily  available.  However,  IS VR 
has  developed  one  form  of  such  a  filter  as  desribed  later  in  relation  to  sound  transmission 
through  aiicraf)  fuselage  models. 


(i) 


Figured.  Reciprocal  measurement  of  the  Green  Function. 


Sound  radiation  from  structures  subject  to  localized  input  forces  is  of  considerable  practical 
interest:  for  exanmle,  vibrational  sources  mounted  on  resiliem  isolators  are  often  modelled  as 
force  sources  actum  on  the  su|q>ott  structure.  Lyamshev's  form  of  the  reciprocire  principle 
can  usefully  be  applied  to  such  (uobfems.  An  omni-directional  source  is  plac^  at  me  recmver 
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position  of  intetest  and  the  vibrational  velocity  induced  at  the  position  of  force  ^iplicaiion  is 
detcnained  (as  in  H|.3).  The  validiM  of  this  princ^le  has  tecendy  been  demonsttaied  in  an 
apidicadon  to  aircrut  structures  [14].  Earlier,  many  successful  apriicaiioos  were  made  to 
sound  radiation  froth  ship  structures  by  engiiieers  at  tTO/TNO  in  Duft  [13].  TenWoldeaiso 
determined  transfer  functions  between  machinety  induced  structural  vibrato  velocities  and 
sound  field  ptesaiTO  by  exciting  the  structures  with  a  point-acoustic  source,  and  measuring 
the  blocked  reaction  fatcea/moments  on  the  structure  at  the  poinu  cd  interest  Similar 
measutemeats  could  be  made  in  land  vehicles,  with  the  source  jxaced  in  the  occiqrants'  head 
pMtions.  Such  reciprocal  tests  are  far  simpler,  leu  costly  and  lets  time-consuming  than 
direct  tests  which  require  the  rcmlacement  of  vibrational  sources  1^  vibration  generators, 
particularly  since  it  is  veor  difficuu  u  restrict  viluational  force  input  to  a  specified  ditectioo. 

3.J_  AcouatkaUv-Induced  Vibration 

The  reqionse  of  structures  to  incident  sound  is  of  particular  concern  to  us  in  the  aeto-mM 
industry  because  of  the  combination  of  high  noise  levels  and  lightwei^t  structures,  which 
suffer  tuifiic  dartuge.  Acoustic  fatigue  has  also  been  a  pr^lem  in  nuclear,  gas  and 
petrochemical  industries  [3, 9].  In  the  early  196(ys,  P  W  Smith  demonstrated  that  tte  pmnt 
teciproci^  princ^le  could  be  extended  to  dmve  a  very  useful  reciprocal  relationship  between 
the  radiation  characteristics  of  an  individual  vibration  mode  of  a  structure,  and  the  te^wnse  of 
that  mode  to  incident  sound  [12].  It  is,  in  general,  easier  to  solve  a  rattotion  problem  duu 
diffraction  pnAlem,  and  considerable  iiiodal  radiation  data  exists.  Modal  reciprocity  analysis 
has  been  allied  to  many  practital  engineering  problems,  including  that  of  the  response  of 
gas-cooled  nuclear  reactor  structures  to  excitation  by  the  very  high  level  sound  (16(i-170dB) 
generated  by  the  gas  circulators  in  CX32  at  30  bar  [10]  and  the  reqmnse  of  the  Ariane  V 
sateliiie  fsiti^  to  faumch  noiae. 

A  pmicularly  valuable  result  of  modal  reciprocity  aruilysis  is  that  it  clearly  indicates  the 
ttiinimum  amount  of  extra  damping  that  it  is  necessary  to  apply  to  a  structure  to  reduce  its 
acoustically-induced  rmponse  by  a  signifrcant  amount.  To  be  cffectiye,  the  mechaitical 
damping  most  substantially  exc^  the  radiation  danqring;  this  is  particularly  difficult  to 
achim  in  structures  which  radiate  into  water.  Somewhat  surprismgly,  the  acoustically- 
indnoed  vibration  of  modem  stiff,  lightwri^t,  sandwich  panels  used  in  aeroqiace  structures 
is  also  conwtiled  principally  by  acoustic  ta&i^  dan^g,  and  not  by  mechanical  dartgring, 
because  dieir  tadiaiion  loss  fatxors  are  so  hi^ 

S3  Airborne  Sound  Transmlaiiioii 

The  proem  of  transmission  of  sound  from  one  fluid  volume  to  another  via  an  intervening 
solid  partition  involves  both  the  phenomena  discussed  above;  namely,  acoustically-induced 
response,  and  radiation  from  vilnating  structures.  The  term  airborne  sound  transiinsion  will 
be  used,  althou^  the  pimciples  des^bed  apply  to  any  comlnnations  of  fluid  media.  The 
qiecffic  application  desaibed  below  is  to  aircran  niselaK  structures  subject  to  propeller  noise, 
but  the  measurement  pr^ple  and  the  inactical  implementation  could  be  applied  to  any 
airborne  sound  transnoissian  problem.  A  technique  bared  upon  exploitation  of  die  Lyamshev 
reciprocity  principle  has  bm  developed  by  ISVR  and  validated  on  1/4  scale  fuselage 
structures,  bM  bm  and  insttlated[7, 8]. 

The  transfer  function  of  concern  is  diat  between  a  point  force  acting  on  the  external  surfrKe  irf 
a  fuselage  and  die  sound  pressure  generated  at  a  point  in  the  caUn  space.  Because  a  fuselage 
structure  takes  the  form  of  a  shell  stiffened  by  frames  and  stringers,  and  it  also  contains 
windows  and  doors,  the  teqwnse  of  the  structure,  and  hence  the  acoustic  transfer  function, 
will  vary  markedly  with  location  of  the  force:  no  single  point  is  'typical' .  This  poses  a 
diiemmainaiteogitingetqietimentaliy  tocharacKriae  dynamic  behaviour  in  terms  of  transfer 
functions.  However,  because  a  forcing  pressure  field  hu  a  continuous  distribution,  it  may  be 
represented  by  an  array  of  discrete,  contiguous  'patches'  of  wifform  pressure,  provided  that 
the  dimensions  of  each  patch  ve  suitable  smalL  OnthebasisdMsuimadisttibuionmaybe 
reprueuiedby  a  dense  asnibution  of  umform  point  forces  actiire  on  each  patdi,  it  is  possiUe 
to  extend  Lymtshev's  reciprocity  principle,  at  uhistiated  in  Fig  £ 
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Extamai  aiMtintognting 


Figures.  Extension  of  Lyamshev's  relationship. 


The  vital  innovatioa  is  that  the  surface  vibration  velocity  created  by  die  monopole  souioe  in  the 
receiver  qiace  is  spatially  int^rated  over  each  patch  by  a  capacitanve  tiansducer  to  genenue  a 
signal  pn^poitioiuil  to  the  sutncevobofieveloc^.  A  major  advanu^  of  such  a  transducer  is 
that  it  acts  as  a  qiatial  fireque^  (wavenumber)  filter,  thereby  avokfing  the  aliassing  problem 
encountered  whm  making  p«nt  measurements  with  the  accelerometers. 

A  set  of  transfer  functions  between  a  source  at  a  receiver  point  in  the  cabin  and  the  suiftce 
vrdnme  velocities  represents  a  unique,  once-fbr-all  calibradon  trf  the  finely  u  a  pressure 
transducer.  The  sound  geneiaied  at  duu  receiver  point  Iqr  any  externally  applMpresnne  field 
which  satisfies  the  qntud  disanrfisation  criterion  (1/8  wavelength)  may  be  computed.  Hence, 
the  response  to  theoretically  modelled  propeller  fields,  plane  waves,  diffuse  fields, 
concetmated  pressure  fields,  etc.  may  be  comptued.  Propeller  and  flight  parameters  may  also 
be  varied  to  study  their  influence  on  cabin  noise.  Thm  appears  to  be  no  reason  why  the 
method  should  not  be  applied  to  full-scale  sutk  stnictui^  with  and  without  side-wall 
insulation,  furnishings,  etc.,  to  provide  rank-ordered  performance  data.  Of  course,  the 
procedure  may  be  rqieaied  at  a  number  of  receiver  points  to  obtain  a '^Mtial-aveiage' estimate 
of  mean  square  pressure.  An  example  of  the  result  of  the  validation  exercise  are  shown  in 
Rg.  6. 
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Figureti.  Validation  of  the  extended  Lyamshev  reciprocity  technique  on  a  modd  fuselage. 
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g>4- Source  OMrirttriation 

Experimental  techniques  based  on  reciprocity  may  be  used  to  characteriae  sources  of  sound 
and  vibration.  Since  reciprocity  relates  to  point  input  and  output  quantities,  the  resulting 
characterization  necessarily  takes  the  form  <k  an  'eqmvalent  point  sotnce*.  even  if  its  action  is 
not  phMkaUy  concentrated  in  space.  An  examples  is  shown  in  Fig.7  bated  on  the  work  at 
TTO'TNO  in  die  Netherlands.  A  mechanical  source  o(  vibration  mounted  in  a  building  on  a 
number  Yeef  generates  an  open-circuit  voltage  in  a  loudspeaker  (proportional  to  the 
induced  coil  velocity)  in  another  part  of  the  building.  Lyamshev  reciprociiy.which 
incoipotates  the  loudspeaker  structure  as  part  of  the  total  dynamic  system,  shows  that  the 
transfer  function  betwm  the  vibredon  velocity  generated  at  a  (receiver)  point  on  at  the  floor 
under  the  machine  by  the  action  of  the  loud^i^er,  and  the  current  through  the  ctnl,  allows 
the  equivalent  point  fence  acting  at  the  receiver  point  to  be  ewduated.  Unless  the  source  is 
enclored  to  miniiniae  airborne  sound  radiation,  the  equivalent  source  will  also  accoum  for  this 
component  <rf  transmitted  noise.  Notethattheloud^eakerdoesnothavetoqiproximatetoa 
point  tnont^iole  source:  it  must  simply  behave  as  a  linear,  anti-reciprocal,  dectroacoustic 
transducer. 


(a)  (b) 


Figure?.  Evaluation  of  the  equivalent  vibrational  force  generated  by  a  machine  on  a  building 
of  rec^rocity  (a)  madiine  oper^g:  loudqieaker  open  circuit;  (b)  loudiqieaker  driven; 
machine  passive  (after  ten  Wdde). 


6.  CONCLUSION 

The  vibso-acoustic  reciprocity  princ^le  may  be  exploited  in  many  cases  of  practical  interest  to 
provide  information  in  a  sinqiler,  faster  and  cheaper  manner  than  by  di^  tests  methods. 
Further  research  is  necessary  to  establish  the  accuracy  and  reliability  of  reciprocal  test 
tedmiqiues,  especially  with  regard  to  non-linear  behaviour,  sound  absorptive  elements  and  the 
discrete  sampling  of  vibrational  fields. 
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ABSTRACT 

Flow  vifantiaa  and  noiae  ia  of  conaakiafala  iaterett  to  the  pcocca  and  power  (cneiation  induatrica  •  it  lelatea  not  only  to 

nmipatinnal  health  and  aafcty  hut  alao  to  condition  monilocinf,  maintenance,  itnictinal  fatifue  and  failure.  There  are  many  lecoided 
inatancea  of  caUntropUc  failiue  aaaodated  widi  vibratko  and  aconatk  fatigue;  in  particular,  Ui^  capacity  gaa  and  ateam  preaauie 
redncinf  ayatema  are  aomctinica  proiw  to  failure  via  aoouatically  induced  fatigue.  Aa  anch,  flow  iiahK^  vibratko  and  noiae  in  high 
capacity  preaaure  reducing  ayatema  ia  a  topical  aubject  with  deaignera  of  new  offdiote  plalfonna  and  power  atationa  and  upgraalca  of 
exiating  inutelletKiM.  The  aiid)|ect  ia  alao  of  intereat  to  liquid  natunl  gaa  and  petroleora  refincriea. 

There  are  tuimerona  flow-indoced  aourcca  of  vibratko  and  noiae  in  induatrial  inatattatkoa.  Iheae  aourcea  are  gcarcrally  the  leaat  well 
defined  in  the  Uteratnre  and  like  the  more  well  defined  medianical  aourcea,  drey  pertain  not  only  to  unacceptaUe  vibration  and  noiae 
levela  but  alao  to  vibration  induced  and  acouatic  iadooed  fatigue  and  failure.  Tlldcal  flow-induced  aourcca  of  vibration  and  noiae 
mdude  acouatic  pulaationa,  aoouatk  retooaocea,  cavity  reaonanoea,  turbulence,  propagating  acouatic  wavea,  valvea,  benda,  orifice 
platea,  vortex  ahedding,  cavitatkn,  rotatiag  bladea  etc. 

Typical  practical  aituatkoa  where  flow-  and  mechanicaUy-induoed  vilnation  and  noiae  proMema  have  atiaen  indude  pccaaurc  relief 
vaivea  in  a  wide  variely  of  gat  and  ateam  flow  ayatema,  glycol  punqi  tinea  on  ofhhotc  platforma,  high  pretautedow  ptcaaurc  flare 
ayatema,  tnrbine  eakwi^,  large  refrigerant  (propne)  dreuitt  in  LNC  pianta,  compraaaor  piping  circuita,  wellhead  flow  tinea.  The 
apedCc  problem  aourcea  have  iiK-hided  preaaure  pulaationa,  acouatic  rraonancea,  cavity  teaooancea,  turbulence,  propagating  acouatic 
wnvea,  vortea  diedding,  cavitation,  ooinddeoce  between  acouatic  and  atructural  modea  etc. 

INTRODUCTION 

Huapapefaddreaaeaawideiangeof  flow  induced  vibratka  and  noiae  probtemi  with  particular  emphaaia  being  placed  CO  the  oil  arrd 
gaa  mi  power  generation  indnatriea.  Both  mechankally-indnced  vibration  and  noiae,  and  flow-induced  vibration  and  noiae  are 
conaidered  fhnn  (i)  an  occupational  heaMi  and  aafety,  Qi)  a  condition  menMoting  and  mainteiuuKe,  and  (iii)  a  atructural  fatigue  and 
faiinre  viewpoint 

Occupatknal  heaitfa  and  aafeQr  aapecta  of  flow  induced  vibration  and  noiae  inchide  genaral  vibratko  and  noiae  criteria,  whole  boi^ 
vibratiao,  and  ^eech  interference  particulariy  on  platforma  and  in  refinetita.  Coiaiitioo  monilaring  and  maintenance  aapecta  include 
tire  management  of  rotating  and  reciprocating  mafhincrir.vahea,  and  piping.  Stnctnral  btigne  and  failure  aapecta  ind^  vibration 
and  note  aoraoe  hknlMeatko,  buekUng  and  atabiUty  amdyaia,  prediction  modela  Ibr  the  aatiaaalko  of  dynamk  ataeaa  and  atiadn,  and 
practical  deaiga  ennaidetatkna. 

As  a  general  badigrouad  to  flow  induced  vibration  ami  noiae  in  the  oil  and  gaa  aral  poraer  fmetaUon  indnatriea,  and  in  particular  high 
capacity  preaaure  reducing  ayatema,  aome  typical  problema  that  can  occur  are  now  aummariaad- They  include: 

wave  cnincadaoce  between  atructural  flaxnral  pipe  modaa  and  fadamal  acouatic  modea  in  piping,  paodocing  Uih  noiae  and 
vibration  levela; 

inkmal'rertrxrbeddhig  and  cavity  rraonwr  it; 

atandhig  noonatic  wavea  (acouatic  rcaommoec)  kaide  varkua  aaetkna  of  pipework; 
turtuhneeeecltatkn  of  ^  pipe  wall  at  tegkna  in  proximitir  to  benda,  velvet  etc; 
cavilutkn; 

pipe  katability  (atatic  initability  (bocklingX  fluttw  and  othw  dfuamk  hwtafiilltka)  rvenltiBg  fmin  flow-induced  vihratiom  end 
flow  pdMliOB^ 
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high  dynamic  iticts  Icvcb,  ovcntradiig  of  votel  iKa2tM,  and  acoiulic  fttifue  u  a  Kfuit  of  the  pbcnomeiu  listed  above 
and/or  as  a  lesult  of  excessive  pressure  drape  at  pressure  reductiaa  devices; 
piping  vibratioa  and  noise  associated  with  redprocating  nd  rotating  maefainecy; 
aggravation  of  problems  due  to  inadetpute  and/or  inappropriate  pipe  support  lonsdon; 

fatigue  failure  at  regions  in  proximity  to  small  fittings,  appendages,  bra^  coimertions  and  other  asymmetric  flow 
discontinuities  with  regions  of  high  stress  concentratian  si^  as  tees  and  poor  qualiQr  welded  connections  (weld  undercutting 
etc.>, 

fatigue  failure  at  connections  (branches,  restriction  orifices,  valves  etc.)  where  the  flow  is  sonic  (i.e.  at  a  supercritical  pressure 
drop). 


Typical  practical  eolutions  to  the  preceding  problems  include: 

usage  of  suitable  prediction  models  for  optimising  for  low  vibntioo,  noise  and  stress  at  the  design  stage; 

reduce  internal  acoustic  energy  at  pressure  reduction  devices  and  flow  disoontinuities; 

eliminate  piping  weakness  (add  stiffiiess,  mass  or  damping  where  appropeiateX 

control  pressure  drops  via  low  noise  valves  and  multi-stage  restriction  orifices; 

usage  of  pulsation  dampers,  coincidence  dampers,  in-line  silencers,  difTiistts  etc; 

eliminate/minimise  all  high  stress  concentration  points  at  piping  downstream  of  high  capacity  pressure  reducing  systems; 
give  careful  considention  to  the  design  of  items  such  as  branch  connections,  support  saddles,  restraint  attachments  -  i.e.  all 
these  are  possible  fatigue  failure  points; 

where  passible,  use  axisymmetric  discontinuities  in  preference  to  asymmetric  discontinuities  -  axisymmetric  discontinuities 
are  generally  not  potential  fatigue  failure  points; 

ensure  good  quality  full  penetiatioo  welds  with  no  undercut  in  flange,  stiffener  rings  or  welds; 
if  asymmetric  disturbanoea/discontinuities  are  essential,  minimise  the  abruptness  of  the  discontinuily; 
use  adequate  wall  thickness  at  piping  near  discontinuities  and  immediatdy  downstream  of  pressure  recfaKiiig  devices; 
use  welding  tees  or  full  wrap  arouiid  teinforcements  at  all  large  brandi  connectians. 

From  the  discussion  so  far,  it  can  be  seen  that  the  analysis  and  control  of  flow  induced  vibration  and  noise  requires  a  working 
knowledge  of  (i)  the  identification  of  excitation  sources  such  as  turbulence,  standing  acoustic  waves,  vortex  shedding,  cavity 
rejonances,  wave  coincidences,  buckling  and  associated  pipe  instabilities,  reciprocation  punqis,  rotating  blades,  slug  flows,  cavitatian, 
acoustic  pulsations,  valves,  orifices  and  bends,  (ii)  prediction  models  (surh  as  normal  mode  models,  statisticsd  energy  analysis  models, 
finite  element  models  etc.)  for  vibration,  noise  and  dynamic  stress  levels,  and  (iii)  practical  design  considentions  for  items  such  as 
pulsation  dampers,  coincidence  dampers,  low  noise  valves,  multi-stage  restriction  orifices,  in-line  silencers,  diffusers,  Helmholtz 
resanators,  and  pipe  supports.  In  addition,  field  experience  and  a  clear  understanding  of  the  flow  process  is  essential  to  identity 
possible  problem  areas. 

SOURCES  OF  AND  FUNDAMENTAL  CONSIDERATIONS  IN  VIBRATION  AND  NOISE 

It  is  useful  to  consider  the  two  separately,  even  though  diere  are  numerous  sources  which  contribute  to  both  vibratioa  and  noise. 
Industrial  vibratioa  and  noise  can  h  eithCT  mechanically-  or  flow-induced,  and  fliis  vibratioa  and  noise  can  result  in  (i)  unacceptable 
vibration  levels,  (ii)  unacceptable  tsrliaied  noise  levels,  and  (iii)  vibration  or  acoustic  induced  fatigue  and  failure. 

Vibratioa  relates  to  oscillatory  motion  in  solids  whereas  noise  relates  to  oscillatory  motion  in  fluids.  Both  vibration  and  noise  can  be 
generated  by  either  mechanical-  or  flow-induced  sources  or  a  combination  of  both  -  a  flow-induced  acoustic  excitation  can  cause  a 
structure  to  vibrate  and  radiate  noise  just  like  a  mechanically  driven  unit  such  as  a  motor  can;  alternatively,  the  vibrational  energy 
from  a  machine  can  be  oonverted  intosound  just  like  pressure  fluctuations  in  a  liquid  or  gas  can.  In  general  terms,  vibration  will  cause 
noise  and  noise  will  cause  vibration!  Therefore,  it  is  desirable  to  consider  the  two  in  tandem  in  any  analysis  although  the  relationship 
between  vibration  and  noise  is  not  necessarily  linear. 

Typical  mechanical  sources  of  vibration  include  unbalance  associated  with  reciprocating  and  rotating  machinery  (turbines, 
compressors,  pumps,  fans,  electric  motors  etc.),  periodic  variation  of  fluid  pressures  and  acceleration  of  masses  within  reciprocating 
devices,  branch  connectioas,  support  saddles,  restraint  attachments  and  a  variety  of  asymmetric  discontinuities.  With  the  exception  of 
reciprocating  and  rotating  machineiy,  most  mechanical  sources  are  timply  associated  with  the  amplified  oscillatioas  of  asymmetric 
inertial  masses  -  fluid  farces  at  asymmetric  discontinuities  provide  the  excitation  input  to  the  piping  systems  which  can  be  modelled 
as  beam  type  elements  with  lumped  inertial  masses  for  the  fint  few  natural  fiequcncies.  Effects  sudi  os  varioUe  stiffness,  variable 
mass,  end  constraints  and  the  effects  of  axial  bending,  torsion  and  circumferential  flexure  have  to  be  accounted  for.  iWlst  the 
excitation  soutcea  are  generally  of  the  farced  steady-state  type,  transient  exdtatioa  sources  can  also  be  present 

Typical  mechanical  sources  of  noise  include  lecipcocating  and  rotating  machinesy  (turbines,  comprcssars,  pumps,  fans,  electric  motors 
etc.),  and  the  structure-bome  tnnsmisrion  of  vibrational  energy  from  these  sources  to  sectiosu  with  large  radisding  areas.  Any  form  of 
mechanically  induced  vihrational  energy  within  the  frequency  range  25  Hz  to  20000  Hz  will  manifest  itself  very  efficiently  as  noise  if 
it  is  transmitted  to  large  radiating  surface  areas  such  as  shells  and  plates.  As  a  general  rule,  however,  with  the  exception  of  regioiu  in 
close  proximity  to  reciprocating  and  rotating  machinery,  the  dominant  sornces  of  piping  noise  are  not  mechanierd  but  flow-induced, 

There  are  numenua  flow-induced  sources  of  vibration  and  noiae  in  industrial  Installations.  These  sources  are  generally  the  least  weU 
defined  in  the  literature  and  like  the  mote  well  definad  mechanical  sources,  they  pertain  not  only  to  unaoceptable  vibration  and  noiae 
levels  but  also  to  vibration  induced  and  acoustic  induced  fatigue  and  failure.  Typical  flow-induced  sources  of  vibration  and  noise 
include  acoustic  pulsations,  acoustic  reaonancer,  cavify  resonances,  turbulence,  propagating  acoustic  waves,  valves,  bends,  orifice 
plates,  vortex  shewing,  cavitation,  rotating  blades  etc. 

Figure  1  it  a  flow  chart  which  summarises  the  primary  sources  and  the  fundamental  consideratiaas  in  industrial  vibration  and  noise. 
The  main  difference  between  fundamental  oonsidetations  for  vibration  and  noise  is  that  vibratioa  (mechanical-  or  flow-induced)  is 
gsnetally  pettiaant  to  cenditiaa  mooilating  and  maintenance,  dynamic  sIrsH  sod  fatigue,  and  whole  body  vibrntian,  adiateas  noise 
(mechanical- or  flow-induced)  Is  primarily  pertinent  to  ocnipationalhealtfa  and  safely  and  to  environmtntal  considerations.  However, 
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b6cau»e  vibntiaii  cauwf  aoit*  and  Boi—  etuam  vilmikia  (inwmliw  Ihx  Ifat  nlMioaihip  li  not  HcauaiUy  liiMar)  on*  can  uae 
vihfatkn  to  quantify  the  effacta  of  noiac  or  vian  vena.  The  prlnuoy  anphaaia  in  thia  paper  ia  on  diapiaalica  with  a  view  to  avoidinp 
atractmal  faifyuc  and  faihnc.  A  thorou^  undcntandnif  of  the  phyaiea  of  flow-  and  machankally-indncad  vihraiion  and  noiae  and  ita 
rale  in  atractural  fatifue  and  faihnc  provider  for  more  coat  cffeelivc  daaitn  and  hanca  mora  coat  cffeLtivc  occupational  health  and 
aafefy,  and  condition  monitoring  and  maintenance.  Fifurc  1  iUuatiataa  tUa  important  point 

Mqjor  aouccca  of  flow-  and  machanicalfy-induead  vibration  and  polae,  prediction  modela,  experimental  techniqoca  for  parameter 
meaiumnent,  practical  deaitn  conaidcraliona  and  aome  apcdfic  practical  exampka  arc  outlined  in  the  flow  chart  in  Fifutc  1. 
Prediction  modela  are  availahic  for  the  predictioo  of  vibration,  noim  and  dynamie  aticax  uaing  normal  «««vt«  analyna  tedmiviea. 
atatirtical  energy  arudyaia  torhniqiiaa,  finite  dement  analyaia  tedmiquaa,  boundary  element  andyaia  techniquea,  and  if  cootae  a  wide 
range  of  empirkd  and  aemi-cm|dried  techniquea.  Experimental  tedmiquaa  for  parameter  meaaurcment  itrdude  aound  power,  aound 
■ntendty  and  preaaure  fluctuation  meeautcmenl  prooadurca  for  rourca  identification  and  tanking,  vibration  irttenaity  and  vibrationd 
power  flow  for  dynamic  atreea  andysie,  and  modd  denaity,  niodd  andyaia  for  identifying  atructurd  dynamic 

chatacteriatica.  Pmetied  deaign  optiona  for  reducing  both  flow-  and  medtanicdly-induced  vibration  and  noiae  include  pulaation 
dampers,  low  noiae  vdvea,  multi-atagc  icatriction  orificea,  ifi-lirm  ailcitccra,  diffuaera,  Helmholtz  reaonatora,  piping  eupporu  at 
appropriate  locationa,  optimlaing  flow  conditions  and  optimiaing  geometried  parameters. 

l^picd  practied  aituationa  where  flow-  and  machanically-inducad  vibration  and  ndae  problema  have  ariacn  indude  preaaure  relief 
vdvea  in  a  wide  variety  of  gaa  and  ateam  flow  qratema,  glycol  pump  lines  on  dfahore  platforma,  high  prcaantedow  preaautc  flare 
ayatema,  turbine  exhauata,  large  refrigerant  (propime)  dteuiu  in  LNG  plants,  compreaaor  piping  circuit^  wellhead  flow  tinea.  The 
apedfle  problem  aourcaa  have  itKhided  ptcaanre  pulaatiooa,  aoonatie  teaonanees,  cavity  tcaonancea,  turbulence,  propagating  acouatic 
WBvea,  vortex  dieddng,  cavitation,  coinddenoe  between  aoouatic  and  atructurd  modea  etc. 

The  flowchart  in  Hgure  2  aervea  as  an  example  of  how  one  should  go  about  andysing  a  typied  piping  vibration  and  noiae  problem. 

The  proUera  relatea  specifically  to  the  effacta  of  internd  flow  distutfaances  on  the  vibration  ceaponse  of  and  die  acoustic  radiation  from 

high  speed  gaa  flows  far  piping  ayatema,  and  the  flowchart  summariaea  tiie  various  tedmied  aapecta  ihsr  one  has  to  consider  when 
dealing  with  the  problem.  Three  primely  iaauea  need  to  he  addieaied-  They  are;  (li  identificeliMi  of  the  inartMmi.ni.  nf  vit»«ti/,0  wmf 
noiae  generation;  (ii)  the  development  of  prediction  modda;  and,  (iii)  practied  design  conaideratkais  for  optimum  leriuction  in 
■eapooae. 


GAS  AND  LIQUID  FLOWS 

Fluid  flow  can  be  categorised  into  gaa  flows,  liquid  flows  and  two-phase  flowi,  and  as  one  would  intuitively  expect,  the  vibration  and 

noiae  cbaracteriatics  and  the  gystem  dynamics  arc  very  different  for  each  of  these  cases.  The  primary  difrctence  between  gaa  flows  and 
Uquid/two-phaac  flows  is  thd  tile  latter  two  cases  fluid  kmd  the  atructure.  In  addition,  fluid  loading  can  be  categoriaed  into  two  cases  • 
small  anqilitndc  motiona  and  large  amplitude  motions.  The  former  docs  not  affect  the  excitation  forces  whereas  the  latter  leads  to 
various  forma  of  dynamic  instabilities.  These  two  cases  have  to  be  treated  separately. 

Fluid  loading  has  two  main  eflccts  on  vibrating  atructurea.  Firstly,  the  fluid  masa-loada  the  atructure,  and  thia  alters  the  structural 
natural  frequencies.  Secondly,  the  fluid  medium  provides  acouatic  radiation  drunping,  and  thia  effects  the  aomdiariiatioo  characteristics 
of  the  structure.  When  the  fliM  medium  ia  a  ga^  the  mass  loading  effects  of  die  fluid  are  generally  of  a  second  order  since  fluid  forces 
are  proportonal  to  denaity.  Dense  fluids  (e.g.  liquida^wo-phaae  flows)  have  significant  effects  on  the  vibrational  and  sound  nuliation 
characteristics  of  atructurea.  When  the  fluid  volume  is  unbounded  (e.g.  a  vibrating  plate  submerged  in  a  large  volume  of  fluid)  it 

cannot  sustain  standing  waves  and  it  simply  masa-loada  the  structure,  and  provides  acouatic  radiation  damping;  when  the  fluid  volume 

ia  bounded  (e.g.  dense  liquids  contained  within  cylindrical  dirila),  the  prMcm  is  more  complex  beceuse  now  both  the  structure  and 

the  fluid  can  ruatainatam^  waves  and  natural  ftequendea,  and  tiieteia  feedback  between  the  atructure  and  the  fluid.  When  this  occurs 
the  system  is  refeiied  to  as  being  strongly  coupled.  Whilst  only  dense  fluids  mata-kiul  ttructures,  all  fluids  (including  air)  possess 
acoustic  radiation  damping  charactetiatics  -  energy  ia  dissipated  from  the  vibrating  structuR  m  tile  form  of  radiated  soiffld. 

In  summary,  fluid  huuling  baa  the  following  general  effects  on  vibrating  atructurea. 

(1)  The  natural  flaquenciea  of  the  structure  are  altered- this  iaaaaociated  with  the  fluid  mass  loading  effects.  The  greetest  effects 
occur  at  low  wavenumben. 

(2)  The  acoustic  radiation  damping  aaaodated  with  sound  waves  radiating  from  the  structure  varies  with  the  fluid  density- 
radiation  damping  is  also  importard  in  light  fluid  media. 

(3)  When  the  fluid  vohime  is  confined,  the  possibility  of  strong  coiqiling  between  fluid  and  structural  rnorles  exists. 

(4)  The  hnpedanre  of  the  structure  ia  altered  -  numerous  relalionshtpa  are  available  for  point  and  tine  forces  and  momesds  for 
pistes  and  shells. 

(5)  The  diiectivity  and  source  cbaracteristics  of  fhiid-laadedra£ataca  are  mnfified. 

The  vibration  and  noiae  diaracteriatics  of  fluid  flows  arc  summarised  in  Figure  3.  The  various  sources  (flow-  and  mechanically- 
induced)  of  vibration  and  noise  (i.e.  turbulence,  standing  acoustic  waves,  vortex  rhedding,  cavity  rcaonances,  wave  coincidences, 
acoustic  pulsations,  vahrea,  orifices  and  bends  etc.)  are  also  found  in  liquid  arxl  two-phase  systems.  The  latter  have  additional  sources 
which  include  cavitation,  static  instabilities  (buckling),  dynamic  instabilities  (flutter,  parametric  resonance  and  combination 
resonance),  pipe  whip  (i.c.  the  dynamic  response  of  a  pipeline  to  an  Instaimuieoua  rupture),  and  of  course  mass  loading. 

Cavitation  ia  peculiar  to  iiquida  and  ia  associated  with  the  genaiatlon  of  small,  mictoseopic,  unstable  vacuum  cavities  whidi  ooUapae 
(implode)  very  rapidly  due  to  Insufficient  liquid  entering  a  votume  rpace.  The  continning  scries  of  imploaioos  is  due  to  hi^  frequency 
altematiiig  pteasures  widiin  the  liquid  •  the  bobbles  grow  to  a  particular  size  and  then  collapm  ‘•«"»i"g  vary  high  inslaiilaneoas 
preasures  and  temparaturea.  Thia  contirmoualmploaionpcocem  can  produce  signlficanldama^  and  tiiaaeaoclalad  noiae  and  vfttation 

t - a-  ■-  -  --  « 
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StiUciaitdhiliQriinimH  by  fluid  rtffhffawM-hTHhucf—iitrfrpiptfimitdl  both  «diiadceBv«yi«g»iHi^)rliq[iiid  flow 
is  ■  clsidnl  syampk  of  static  instahilily.  Tbs  psniiinltti  IbM  coatrol  dsfrss  of  sialic  iaslabUity  an  atiuctuial  stiffasss,  fluid 
itiffnsss  and  structuni  dsin|iint. 

FhiUar  is  a  dynamic  inslabiiily  that  ariaas  haraaaa  tha  fluid  dynaaiic  foacss  cnata  aagalivo  dampini  -  La.  flw  abucmmi  valodly  is  ia 
pbaae  with  the  flidd  4ynaiaic  forces.  Sia(le-amdeflnltarlaaflnid-dea4>ing.«oalial]edittatabilityaBdcaipled-aiodeflullcriaafluid- 

.«Hrii«—  nmilrntllt  hi^«liill<y  Prunnartf  ••mimmtfm  iwi  r«  «i»  ityinniir  jiMSeWllHM  ««nri««««t  iMl  rim»-Miyim 

flow  panmetan  -  they  uauidly  pradorainaie  whan  the  flow  is  fnlawtin  (i.e.  a  paciodic  fimclioo  of  tune)  or  whan  the  fluid  pasaing 
tfafoogh  the  piping  ia  in  tha  two-phaaa  flow  ragbne  (i.e.  the  density  ia  time-vacying).  Panmsiric  luaeaumce  is  a  dynamic  instability 
whidi  occnaa  when  the  flow  period  ia  a  multiple  of  oae  of  Ac  natmal  fnqncBcics  of  flte  cylinder.  Combinaliaai  naonaoce  is  a  dynamic 
instability  wbidi  occurs  when  the  pedod  of  the  flow  is  equal  to  the  sum  or  (fiffainnce  and  aaaociated  iategar  aub-harmonica  of  tha 
natural  ftequanciaa  of  a  cyiindar.  Tha  panmetera  that  control  flwdagoe  of  dlynamicinttability  are  atructuialalifliiaat,  fluid  atiffhaaa, 
atructuml  damping,  fluid  damping,  atnictural  mam  and  fluid  nuns. 

QUANTIFYING  FLOW-INDUCED  VIBRATION 

This  paper  ia  primaiily  ooaiocrned  with  reviewing  various  techniques  for  idendiying  and  quaatilying  flow  induced  vibratkau  adach  an 
common  in  Ite  oil,  gas  and  power  generation  industries.  The  case  ia  beat  presented  by  conaideting  one  of  the  moat  conunon  target 
anas  •  piping  cyatama. 

Flow  induced  vibration  and  noise  aianriatrd  wiA  high  capacity  pnaaun  radneing  piping  qratema  can  icault  in  (i)  unacceptable  pipe 
vibration  levels,  (U)  unacceptable  radiated  noiaelevela,  and  Oii)aeoiiatic  fatigue  (ihie  to  eiceeaivevibralicn  generated  via  internal  flow 
duluibanoea). 

Typical  exdtalion  aouroea  and  aaaociated  problems  that  can  occur  have  bsan  reviewed  in  the  general  introdunioB,  They  include  wave 
coincidence,  internal  vortex  ahrdding  and  cavity  roaonaneta,  alanding  arouatk  waves  (acoustic  reaonancce),tmbulcace  exdtalion, 
cavitation,  instability  (statie  instability  (budding),  flutter  and  other  dynamic  inatabililiea)  ceaulting  bom  flow-induced  vibrathma 
and  flow  pulaatioeia,  high  dynamic  alreaa  levela,  ovcaatrcaaing  of  vcaael  nozzles,  and  acoustic  fatigue  as  a  result  of  the  phenomena 
listed  above  andter  as  a  result  of  excessive  presaure  drops  at  pressure  reduction  devices,  piping  vibration  and  noise  asaodated  wiA 
redpeocating  and  rotating  machinery,  aggravation  of  probtems  due  to  inadrqiuUr  and/or  inappaopaiate  pipe  support  location,  fatigue 
failure  at  regions  in  paoximity  to  small  fittings,  vpendagea,  branch  connectioais  and  other  asymmetric  flow  discoaitiiiuilics  with 
regiaiis  of  high  atrom  concentration  such  as  tees  a^  poor  quality  wdded  coamectioais  (weld  imdercuttiiig  etc.),  fatigue  fidlute  at 
comiectioeis  (branches,  reatrictioo  orifices,  valves  etc.)  where  the  flw  is  sonic  (i.c.  at  a  aupercritical  pressuie  drop). 


In  general,  possible  problem  areas  of  acoustic  fatigue  can  be  quamified  via  sound  power  emitted  at  regions  of  pressure  reductian,  pipe 
well  vihratiMi  levels,  wall  thiciniess,  pipe  diamftair.  How  quantity,  Mach  number,  pipe  support  ooaiditioais,  weld  coauiitions  at  fitthtp, 
and  flow  disoontinttitics  particularly  asymmetric  discontinuities,  noblem  areas  relming  to  noise  generally  cover  a  much  wider  scope 
and  indude  wave  ooiiiddcnGe,  cavity  resonances,  standing  acoustic  waves,  voatex  shedding,  propagating  acoustic  wavss,  turbulence, 
etc. 

The  following  analysis  procedure  is  recommewied  for  analysing  high  capadty  pressure  reducing  syatams  auch  as  that  illoatrated  in 
Figured. 

i.  Study  aUdrawinp  ft  data  ahreta  end  identily 

papediamatera 
pipe  uFall  thicknesset 
pipenmiciial 

pilN  lengths  between  supports 

support  oondiliotu  (claimed,  fixed,  sinqily  siqipoited  etc.) 

fW  speed 

gmdiBisity 

gas  molecular  weight 

(M  tMBpcntnn 

gas  specific  heat  ratio 

li<aiiial|sriniiTi 

ii.  Evaluate  speed  of  sound  and  Mach  number  st  various  locations  in  the  flowproevea,  taking  temperature  and  density  veriatione 
into  apcount 

iii.  Am4yae  critical  presaure  inducing  points  and  eatabliah  sound  power  and  acoustic  Ugnecritetia 

iv.  Evahiale  possible  coanbinatioau  of  acoustic  resonances  (atandiag  waves)  inside  critical  aecthms  of  tha  piping 

V.  Evninatspossiblo  wave  coincidences  between  structural  flexural  pipe  modes  said  jutsaanlnconsticmodm  at  critical  ssctioiis  of 
pip* 

vi.  Mentt^eenmeerflmerMl  vn«a»»«li»mfnM«teMrUy  nineeeree 

vii.  Mentis  possible  saeas  of  possible  pipe  instability  (bwUing)iasnlting  from  flow-induced  vihaatleeM  and  flow  pnlsatjons 

Viii.  PemninieildewllUieMewt^ei«Hrp»iwtlil»tnminlniie«tlwefB«rI«rftll«  Anne 

ix.  ftetfictvibmdion  levels  for  a  variety  of  flow  comBtioiis  by  using  sMbarmuyutai  saodris  or  msasmed  pipe  vihaatioo  velocity 
levuls  on  axiacing  gyatsms  at  numarous  sactlans  of  the  pipe  so  as  to  dafiae  the  spatial  variatioa  of  As  vibration  npactm  alo^ 
tbs  pipe.  This  can  be  dona  at  any  flow  gpoad  pravidtd  IM  As  flow  apasd  and  oomfltion  is  identiflod  -  levels  at  ofliw  flow 
speeds  ran  be  scaled  from  tbs  tost  rasnits 

X.  ralmlato  ilyamnir  alism  levels  from  As  vihationaIvsbyltyaniWorAqilaremant  levels 

xi.  UaeiadlalloaiBliostoealinMtoAaaatoeaflaetofogaoataiiagastosonaMonts. 
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Mna;  pnaun  ndoclloa  MBCM  M  eoalial  vilMi,  nikf  vilvM  and  crillot  plalM.  b  Mch  CM*,  lk>  aided  pnaan  ndadni  poiM 
oMd  to  b*  aiialyMd  ad  mad  poinr  aad  aeoiude  bidfM  criMa  MliUidMd.  lUi  pat  gf  dw  is  amily  (hi  and  ia^aitiBt,  M 

datoWliha  wladararaat  datalidapnailbilHy  of  aaottopwlilaa,  Maceadk  tajpaapwiHaa,  aMaehBBtobapBiblaa(i^ 
Uarhnumliatnn  lil|)i).  Inartoipiato plpmill  IliIrliaBi.  Mif  Till  iiiiaatpfiaiailiTil  da  ytrilir  iliitairi 

ftomdiavariouapaaaBWfadudlaBdavicacanalaobaidlmaail 

The  compiitadnnal  proeadiaa  far  ******‘"1  dw  poariblUiy  of  aceodie  tadtna  daa  to  a  pwaaia  fodurttoa  dawka  (a.(.  da  valva  la 
Fifaa  4)  if  aaaunariaed. 

i.  rwawradopaacroadavatiooaaidcaipwaaofe  wdueiagpoiBlaaiaatahildaai 

ii.  Soond  prana*  kvoiaandatodwidi  da  pnaaua  drop,  dp,  beoapotod. 

ill.  AaouadpraamalavaleonacdonforvalwaOrlaaadpaaauraMdalaadaMldad 

iv.  AaeuBdpraiaui«lo»alcoii*cdonfardatMdalateo*flieiaalaaatalilldad(fBnedonoffloiriato). 

V.  HaaouadpoaarfardapnianianidnrtioadovlcaiannmiinladlnailfcaaiflnaadioBBdpfraiai  laraL'nuaprpividaa 

tpaadtadva  aaaaura  of  da  iotoadtp  of  da  aooaadc  oaatnr  iadda  da  pipa. 

vi.  Tlaaoandp«»iii«riatcaladontoadaddiciart(FijB»5)for«dal)lldiintdaiaf*doai^liaiitof  acoodteally  iadaeadpipiap 
viiaadoni-diiidadpBchaitiilaaadonauBarouatadcaaaaadprovidaaaqnalhadvaanfinnmlofdalitailhnodafa 
problem. 

vii.  Baaad  on  da  location  of  da  particalapw  aura  radiieiat  point  oo  da  daalpa  chart,  an  aaaiaaaaa  la  aad*  on  da  poadbility 
of  a  Boiaa  problam,  aa  acouadc  fadgna  problem,  a  Mnch  nnnihar  pmblom  (i  j.  Maeb  numba  too  bipb).  an  faadaqnate  pipe 
wall  diicknaa,  and  a  pipinp  npport  pr^leoL 

To  aara  the  poadbUity  of  aeoiutic  fatipia  aaociated  with  preaura  rtdudnt  device*,  the  foUowinc  iafonnadon  is  requiied: 


Item  description  +  piping  layout 
dP  acna  da  device 

Downdiaam  pressure  ((^wamic  and  static) 

Upftaun  preaana  (dynamic  and  static) 

Tenveedun  (apstream  and  downatveam) 

Howrate 

%Uquidw«i|fat 

liquaddeodly 

Vapourdenady 

Vapour  audeoibr  weight 

•  Cp/Cy 

Exit  pipe  dinansions 
Machnumber 

CASE  STUDIES 

Severd  caa  stndte*  are  aammariaed  in  tins  paper. 


Coincidence  between  higher  order  acoustic  nnda  inside  a  griindiical  dall  and  pipe  wall  atmctural  modes  is  a  dominant  ■nrrhenim 

for  the  generetfaw  of  flaw-lndiieeJ  nniee  end  vilMeKon  in  pif^faiei.  Same  field  deto  lehehig  In  «  gee  faMrellaUyi  ilierv  Hri«  l« 

the  case  is  presentod  here.  Figure  6  lUustiale*  iypied  piping  layouts,  Flgnn  7(a)  schematically  Ulnaliate*  various  aourcas  of  piping 
vibration  a^  noise  and  Figure  7(b)  ilhiatiales  Qfidcal  vibtatiw  and  noise  naaaureaant  mpoiBcs. 


Excessive  noise  and  vibsation  levels  wese  experienced  at  da  gas  pipdha  installations.  It  was  ohaetved  that  da  noise  and  vibsation 
originatad  bom  voious  tee-junction  intersections,  aid  dat  it  psopagMad  for  large  distances  along  stnight  inns  of  pipeliia.  A  typical 
pipe  wall  acederatioo  spectra  is  presented  in  Figure  8,  and  da  cocre^onding  SKtasaally  radiating  sound  pseasnre  level  apactra  a  some 
appropriate  radial  djstance  from  the  gas  pipeline  is  presented  in  Figne  9.  The  iaternal  diametar  of  the  steel  pipeline  is  0.914  m,  da 
spMd  of  sound  in  the  internal  gas  is  '  38S  m/w,  and  the  mean  flow  Mach  nambar  is  '  0. 1.  Tbs  precis*  deli^  of  da  measuremant 
locations  arc  not  directly  relevant  to  this  test  caa*  as  oia  is  only  conceraed  with  identifyfaig  da  mechanitm  of  noise  and  vibration 
generation. 


From  Figures  8  and  9,  it  is  vcqr  evident  that  there  at*  large  increases  in  pip*  wall  vibration  and  externally  radiated  noiae  at  certain 
discrete  freqnenries.  Also,  there  is  a  one  to  one  ootidatioo  between  the  vibsation  discrete  frequencies  and  the  radiatad  noise  discrete 
frequencies.  A  dose  examination  of  Figures  8  and  9  reveals  that  the  fast  three  dnmiaara  peaks  are  at  275  Hx,  461  Hi  and  676  Hx. 


Coincidenoe  is  a  poasible  source  of  the  dominant  peaks  at  275  Hx,  461  Hx  and  676  Hx.  Th*  cut-off  frequenries  of  the  various  Ughtr 
order  acoustic  modes  can  be  evaluated  from  the  aquation  below  aad  TtiUe  1 .  The  cut-off  frequencies  ate  given  by 


ao[p,«^(l-M^‘^ 


when  C|  is  the  speed  of  sound  inside  the  pipe,  M  is  the  mean  flow  Mach  numbar,  *(  is  the  fadctiial  p^  tadins,  and  th*  aOuqt  are 
obtained  from  Table  1.  The  colacidenoc  frequency,  ^  Is  usually  hi^ier  than  the  cut-off  frequency,  f^  of  the  televaal  higher  order 
acourik  mode.  Hence,  if  coincidence  is  the  dontiaant  aiechanism  for  the  vibration  and  aoiw  spactra  fai  Figurm  4  aiM  5  reepectivsiy, 
than  one  would  expect  that  til*  maasursd  coincident  poda  ae*  fat  close  pwaimlty  to,  and  geewrally  Utfeer  than,  ths  isapactivs  cut-off 
freqpenctea  of  the  approprisie  higher  order  acoustic  nwdaa.  The  ralmlatsd  cut-off  ftagnencie*  forth*  lelevaBt  higher  order  acoustic 
motieelne  obtained  from  the  above  aquation)  and  thaexpseiaMnlallyebanYsd  dominant  epadral  peaks  ns  preanitad  fat  TableZ 
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p 

q 

“Vi 

P 

q 

“pq 

0 

1.8412 

5 

0 

6.4156 

0 

3.0542 

2 

1 

6.7061 

1 

3.8317 

0 

2 

7.0156 

0 

4.2012 

6 

0 

7.5013 

4 

0 

5.3175 

3 

1 

8.0152 

1 

1 

5.3314 

1 

2 

8.5363 

Table  I  Soludooi  lo  J’pCiCpqai)  •>  0 

ffi^HT  Older  mode  Mtaiuwd  ipactral  paakt  Cilciikladf^ 


1.0 

275 

245 

2.0 

461 

407 

0.1 

. 

511 

3,0 

676 

560 

4,0 

- 

709 

Table2  Mcaancd^icctial  peaks  and  ealciilafedcitt-ofF6«qiKnciet 

It  is  clear  from  dw  table  that  the  measured  spectral  peaks  are  both  hifhcr  than  and  in  close  proximity  to  the  calculated  cut-off 
fraquencics  fiirocftain  higher  order  aooustic  modes.  It  can  dius  be  concluded  Oat  die  spectral  peaks  at  275  Hz,  461  Hz  and  676  Hz  are 
associated  unlh  coincidence  between  die  (1,0),  (2,0),  and  (3,0)  higher  order  acoustic  modes  and  appropriate  abuctmal  pipe  modes.  The 
fourth  dominant  measured  peak  at  *  1022  Hz  is  due  to  a  higher  acoustic  mode  such  as  die  (S,0)  or  the  (2,1)  moda  •  as  one  goes 
hitiher  up  in  frequency  it  becomes  hsrder  to  identiftr  the  specific  hitler  order  acoustic  modes  associated  with  coincidence. 

Ihua,  the  main  conclusion  to  result  from  this  test  case  is  dut  the  dominant  source  of  pipeline  vibradon  and  externally  radiated  noise 
fnm  the  gas  pipeline  is  ooinddenoe  between  die  higher  order  acoustic  modes  inside  the  pipeline  and  the  pipe  wall  stnctuial  modes. 

l(hntificaliop"t>i«w'-i"*<ced  vibration  sources  on  pressure  relief  valve  oioinzeireuits 

A  pressure  relief  valve  for  a  filter  separator  unit  in  an  LNG  plant  vibrated  very  severely  each  Ume  the  valve  lifted  from  its  seat.  A 
schematic  arrangement  of  the  valve  and  its  associated  piping  is  presented  in  Figure  10.  The  vibration  levels  were  so  severe  that  the 
piping  and  its  siqiport  base  experienced  cracking. 

A  siinple  analysis  indicated  that  the  mass-spring  natural  frequency  of  the  free-floating  piston  enangemcnt  coincided  with  the 
fundaniental  acoustic  standing  wave  in  the  riser  piping.  The  sdutioo  was  to  vary  the  air-epri^  adfbeas  by  introducing  a  gas  volume 
with  a  pilot  valve. 

IdrodWcailnn  of  flow-hiduced  vibration  aotnees  fat  boiler-feed  tmmn. 

Qasaieal  rotoedyunnik  instabilities  produce  a  addrl  velocity  equal  to  sli^dy  leas  than  half  of  rotor  speed  -  hence  rotordynamic 
inslabilidea  generally  produce  a  thancteristic  vibration  at  42  -  48H  of  shaft  eperf. 

It  waa  eatabliahed  diat  a  certain  type  of  boiler  feed  pomp  sub-synclitoooos  vibradon  wliidi  consisleotly  accused  at  80  -95%  of  abaft 
running  ipeed  was  not  due  to  ciassical  rotordynamic  instabilities  but  was  due  to  excessive  flow-induced  vibration. 

The  boiler  feed  pump  (Figure  IDhasadouble  volute  suedon  inlet- tUa  causes  addidcnal  flow  disturbances  and  subaequendy  more 
fluid  (lynamic  exddng  forces  than  single  entry  suedon  inlets.  In  addidon,  wear  ring  gnova  and  spachigs  encourage  localiaed  flow 
irregularities  eeid  the  asaoriaUvl  unwanted  flow  patterns  at  the  impeller  shroud. 

Hence,  there  are  two  primary  sources  of  aendynamically  indiired  disturbed  flow  at  the  suedon  inlet  -  rotating,  non-axisymmetric 
pressure  Adds  at  die  impeller  suedon  producing  deatabalising  forces  on  die  diffuaer  blades  and  pre-rotadon  of  the  fluid  prior  to  entry 
into  the  dearences. 

The  combination  of  dieae  fluid  d^raamicdistuibancesprovidm  radial  excitation  of  the  daft.  A  flexible  thaftfsdflhesa  analysis  indicated 
that  the  riiaft  is  not  rigid  at  running  speed  because  of  its  long  length  to  diameter  ratio.  However,  the  shaft  waa  only  twl«nr«il 
dynamically  m  a  rigid  shaft  and  not  m  a  flexible  diaft  by  the  owner.  Hence,  foecad  omMir  resonant  vibndoeis  ere  readity  faidnoed  -  i.e. 
a  flexible  md  unbalanced  shaft  excited  by  primary  aouroca  of  aerodynamirally  induced  disturbed  flow  induce  a  forced  or  a  leaanant 
vibradon  whkh  uldmately  leads  to  impellCT  rub  and  subsequent  failure.  The  tnrchanitms  leading  to  sabqynditoiioas  vibttoioa  and 
sitosequent  failure  are  summarised  in  Figure  1 2  and  proposed  means  of  reducing  the  vibradon  are  summarised  in  Figure  13. 

F1ow.liidiieailiinlmmi4vllimHmi.mnrtw^wldiaradnaslooo 

This  teat  case  illustrmes  bow  one  can  sometimes  identify  sources  of  mdse  aadtor  vibradon  armsd  only  with  a  good  fundamental 
koowiedge  of  the  subject  and  without  the  requirement  for  any  snphisticatrd  measureroeol  instTumrnlation! 

A  situation  arom  where  the  manofacturen  of  a  lautotype  10  m  ahmainiom  ballad  racing  stoop  (yadit)  were  faced  widi  an  excessive 
lowfiequeocy('  100-200  Hz)  noise  and  vibradon  problem  at  ceetton  apeads.  Ihifottunatoly,  the  noise  and  vibradon  levris  peaked  at  a 
apssdof'  10  knots  which  oomapondad  to  the  cinidiig  qiaad  of  the  yni^ 
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Bacaui  Iki  pmkkmim  «pMd  nhMd.  it  ianadtatilj  raeogalMd  Ikal  th*  aoiw  Md  vAntka  «w  prah^  flow-iB*ie*d  and  is 
pvtlciilar  p^bably  awidatad  with  vortn  Mdli«  •  U.  tt  «iM  kl|Mr  pnbdhb  dHt  *•  ««rtu  Aaddiag  odaddad  wtt  a 

i^or  ilroclml  lanoaooa.  FMhwiiiaia,  daoa  tba  ]pacht  awa  oootfnKltd  out  of  ahimiBiam  which  it  vwy  UiMy  danpad  Ihi  prabkffl 
waaaBvBfiad. 

Soeaa  aUapla  fiald  triala  ailowad  to  a  ia|dd  irtaialfifatinn  at  tba  aoiaca  at  lha  pnhiaai.  Tba  pnaaibla  priaauy  aouacaa  of  tha  vortax 
ahaddfatgiMcalbaaHat  and  thakaaLTowiatlha  yacht  towarda  (at  the  lOhaotendahnapaad^withoatthaMaatthdaot  allarinalatha 
noiaa  and  vibntkn.  Thia  aawaniad  that  tha  haai  waa  tha  pnbaUa  aouna.  Towiai  lha  pa^  backaaida  (to  ai  10  kaola  laaaltad  la  the 
oonplata  aliaiiaaltoi  of  tha  offaadiBC  noiaa  and  vihcadanl!  TUa  praaad  bapond  aagr  doida  that  tha  aonraa  of  lha  piDblam  ana  voitax 
ahaddiat  fiam  tha  kaal  -  to  flaw  pattam  araaad  dw  kaal  ahatad  aAnt  tha  pacfat  wai  loand  baekwaada  and  tUa  aUadamadhodacad  tha 
aortal  ahaddhu.  lha  aonwa  of  the  paaMam  ana  eoafinnad  pat  atain  by  taatpanaUpallaehiniaoniedii^nnalboaadaiylapar  trip  whaa 
to  dw  kaal  nd  aaillac  tha  pacht  in  ita  nonnal  manner  at  ha  craialat  ipaad.  Aa  axpaclad,  the  boiaidaqr  lapar  trip  wbaa  moanalated  tha 
vortax  dmddint  paMam  and  tUa  in  turn  aUminaani  tha  noiaa  and  vtoidan.  Vortkaa  onfy  ptoduee  cxcaaaive  alractunl  vibtadoaa  when 
they  an  waii  oonaimad  ahaf  to  kaflh  of  a  nmetma  -  diay  oaciilala  in  qnnpadtp  with  aach  olhar  and  thia  aala  op  a  tcnal  axchaUon. 
Wha  thap  aia  unoonaiatid  thip  do  nM  niatain  tha  tonai  axcitadon. 

Thiia,  the  aonrea  of  lha  axoaaaiva  oai«  and  vifandon  on  die  yacht  wat  idendfiad  without  the  naad  to  obtain  any  quantitative 


Addidonal  eaae  atudiai  on  (i)  identification  of  flow-induced  vibration  aoureaa  on  Uquid  ladprocatinc  pump  pipiap  dicuita,  (ii) 
idinliflcation  of  flow-Induoad  vibratioo  aoureaa  in  buraara/funiaeaa,  and  (iii)  idandficadon  of  flow-induced  vibtadon  aouroaa  in  iaifa 
induatrial  air  euppiy  ayatama  will  be  diacuaaed  durinp  the  pmaantation. 
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ABSTRACT 

The  impedance  of  a  fluid  layer  separating  two  plates  is  obtained  through  a  rigorous  solution  of  the 
linearized  Navier-Stdces  equations  for  viscous  fluids.  The  results  are  given  for  infinite  and  finite  rigid 
and  flexible  plates  and  reduced  to  the  well-known  results  for  lossless  fluids.  It  is  also  shown  that  in  the 
case  of  thin  liyers  of  viscous  fluids  between  ri^d  surfaces,  the  results  reduce  to  those  given  in  squeeze 
film  studies. 

INTRODUCTION 

The  ability  of  thin  fluid  layers  to  sustain  pressure  and  to  develop  internal  friction  allows  them  to 
be  used  both  as  bearings  to  carry  loads  and  to  provide  damping  to  vibrating  structures  [1].  Common 
^plications  of  fluid  layer  damping  are  seen  in  rotating  devices,  such  as  journal  bearings,  spherical 
bearings,  rotating  disks,  and  in  translating  devices,  such  as  bands  and  tapes. 

Most  squeeze  film  studies  start  from  the  Reynolds  equation  for  thin  films,  which  assumes  that 
gravitational  and  inertial  effects  are  neglijpbte  and  the  fluid  is  Newtonian  and  incompressible.  Very 
few  studies  have  considered  the  effect  of  compressibility  on  thin  film  dynamics  and  on  the  pressure  and 
damping  of  squeeze  film  bearings  [2-7]. 

In  the  present  paper,  we  develop  general  expressions  to  describe  the  dynamics  of  a  fluid  layer  be¬ 
tween  two  surfaces.  We  start  with  the  Navier-Stokes  equations  for  acoustic  perturbations  and  consider 
the  linearized  solutions  for  pressure  and  particle  velocity  in  a  medium  with  viscous  losses.  Elxpressions 
for  tlM  pressure  and  particle  velocity  in  the  fluid  are  derived  for  infinite  and  finite,  flexible  and  rigid 
surfaces  separated  by  the  fluid  layer  and  the  results  are  given  in  terms  of  impedances.  When  the 
surfaces  are  rigid  and  in  close  proximity,  the  resiilts  reduce  to  those  of  squeeze  films. 

PROBLEM  FORMULATION 

Consider  two  thin  plates  located  at  y  =  0  and  y  =  d  and  parallel  to  the  x  —  z  plane.  The  plates 
are  described  by  their  normalized  impedances,  Zpi  and  ZfZ 

Z,  =  -i2^(u.M)[l  -  (u,/w.)»(fc,c/w)«)  (1) 

where  P  =  i<;cm/2pc,  m  is  the  mass  per  uiut  area  of  the  plate,  Uc  =  c^v'l2/(v^h),  Vp  is  the  longitudinal 
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wave  speed  in  the  plate  material,  and  h  is  the  thickness  of  the  plate. 

Considering  bending  wave  motion  of  the  plates  only  in  the  x— direction,  the  equations  of  motion 
can  be  written  as 

pcZfith  =  F(x,w)  +  p(x,d,w) 
pcZ,iTf2  =  -f>(x,0,«) 

where  p(x,v,w)  is  the  pressure  in  the  layer  between  the  plates.  In  the  case  of  two  infinite  plates,  we 
represent  the  forcing  function,  F{x,u),  as  a  travelling  wave,  or  a  Fourier  component  of  an  arbitrary 
forcing  function,  as  Fq  exp(tfexx).  The  x-dependence  of  the  pressure  in  the  layer  is  the  same.  As  we 
shall  see  later,  in  the  case  of  pistes  of  finite  length,  the  x-dependence  of  the  pressure  in  the  layer  is 
influenced  by  the  boundary  conditions  on  either  end  of  the  layer. 

The  acoustic  field  in  a  fluid  with  viscous  lasses  can  be  described  to  the  first  order  by  two  coupled 
differential  equations  [7| 

^  ('3'\ 

where 

kj  =  k‘*{l  +  ikl'„)  kl  =  ik/l„  U  =  it/f)c  I',  =  (4/i/3pc)(l -b  3a/4#i) 

where  p  and  a  are  the  coefiicients  of  shear  and  bulk  viscosity  in  the  fluid,  respectively.  Viscous  effects 
are  expressed  in  terms  of  characteristics  lengths  and  f' .  The  density  of  the  fluid  is  p,  c  is  the  speed 
of  sound,  and  k  =  w/c. 

The  velocity  potential  ip  represents  the  propagational  or  longitudinal  mode  of  the  wave,  and  the 
vector  potential  H  describes  the  transverse  or  rotational  diffusive  shear  waves. 

The  particle  velocity  and  the  acoustic  pressure  are  obteuned  from  the  potentials  as 

u  =  ^^p  -b  X  O  (4) 

p  =  iwp(l-biW',)*,  (5) 

The  relationships  between  the  wavenumbers  in  the  x  and  y  direction  are  ^ven  as  follows: 


fc’  =fc*-]fc* 


kpK  —  k^g  —  kg 


Using  Eqs.  (3-6),  expressions  for  the  pressure  and  particle  velocity  for  the  waves  travelling  across  the 
layer  can  be  used  to  obtain  the  total  impedance  of  two  infinite  plates  separated  by  a  fluid  layer  as 

£  ^  (^pi  -b  gpr)(l  +  fc)  -  {ik'p/kpp)tBa(kppd)  -  iZp,Zp2(kpp/k'^)taB{kppd)(l  -b  o) 

pc  (1  +  6)  -  *(firt/k'p)  taa(kppd)Zpi(l  -b  a) 


6  =  (r)taii(kppd)€xft(kgpd) 

a  -  fr*-!  -1. 

^(kppd)  8in(  kgpd) 

with  ib;  =  (u,/c)(l  +  ikl'J  and  r  =  kjjkppkgp. 

When  viscous  losses  are  negligible,  F  =  0,  a  =  fc  =  0,  and  kp  =  Vp  =  w/c  and  the  impedance  of  the 
two  plate  system,  Elq.  (7),  reduces  to  the  well-known  result 

£  _  ^pi  +  Zpt  -  (iu/kppc)  tan( t„«f)  -  iZpt  Zp2(,kppc/v)  taa(kp,d) 
pc  l-iZpj(kppc/w)tan(kppd)  ^ 
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When  the  impedance  of  the  backing  plate  is  much  larger  than  the  impedances  of  the  layer  and  the 
forced  plate,  the  system  impedance,  Eq.  (7),  can  be  written  as 

£  ^  (1  +  6)  -  iZ,x(k„/k',)  tan(t„d)(l  -h  a) 

-‘(fcsf/ti)  tan(l„d)(l  +  a) 

When  the  viscous  losses  are  neglected  for  the  case  <d  rigid  backing  plate,  Eq.  (9)  reduces  to 

Z  _  i  +  Z,i(k„c/w)taii(kf,d) 
fic  {k„c/u)taa{k„d) 

Rind  Plates 

In  the  case  of  infinite,  fiat  and  ripd  plates,  there  is  no  longer  an  x-dependent  excitation.  Ck>txse- 
quently,  the  acoustic  field  in  the  layer  is  independent  of  x.  Then,  —  0  and  k„  =:  kf.  Now,  since 
r  s:  kl/k„k„y,  r,  a,  and  b  are  all  zero.  In  other  words,  when  the  infinite  plates  are  rigid,  viscous 
effects  in  the  layer  are  confined  only  to  the  {/—direction  (through  kpf  and  k'p)  and  are  small. 

2  (g;i  +  Z'pi)  -  iiK/kpp)isnik,pd)  -  iz;.z;^(t„/t;)tan(t„d) 
pc  l-iZ^,(k„/k;)ta^(k„J) 

where  and  Z'^2  obtruned  by  setting  =  0  in  the  plate  impedance  equation  (1). 

In  the  case  of  finite  length  plates,  the  spatial  dependence  of  the  acoustic  field  in  the  layer  is 
determined  not  only  by  the  force  distribution  on  the  plate(s)  but  also  by  the  boundary  conditions  at 
the  ends  of  the  layer. 

Finite  Rigid  Plates 

Consider  two  parallel  plates  of  length  L  separated  by  a  distance  d.  Assume  the  coordinate  system 
to  be  centered  on  the  top  surface  of  the  lower  plate.  The  pressure  fluctuations  in  the  layer  must  be 
symmetric  with  respect  to  its  center  and  are  assumed  to  vanish  at  its  ends. 

The  pressure  field  in  the  layer  can  be  expressed  as 

Pf{x,y)  =  52pnC08(kpx)„  {8ia{(fc„)„yl  +  «nC08[(kp,)„y]}  (12) 

fl 

with  the  boundary  conditions 


p(±i/2,y)=:0 


dv(x,y 


|r=0  —  0 


where  (kp,)„  =  (2n  +  l)jr/£  and  (*„)*  =  kj  -  (*j,.)i- 

The  boundary  conditions  in  the  y  direction  of  the  particle  velo  >  Mes  are  the  same  as  before,  except 
that  the  x-dependence  of  the  acoustic  field  is  now  determined  through  the  flat  ripd  plate  and  the 
boundary  conditions  imposed  on  the  acoustic  pressure.  Application  of  the  boundary  condititMis  gives 

- 

(fe,.)n  Pn 

y  _  Pn  (^w)n(^»»)n  _  Pn(kft)n 
iuip  (kpi)n  «*»pr„ 


-  co8[(A:,,)„<<] 


where  r„  =  (fc,*)J/(fc„)n(<:,,)n- 


Modal  pressure  amplitude  p„  is  obtained  by  expanding  the  normal  velocity  Ua  of  the  top  plate  in 
Fourier  cosine  series  as 

U,='£Vn  C08[(fc,.).ll,  U„  =  (13) 


which  gives 

^  f(-l)"4t/o1  f  i^P  1  _ 1 _ 

[(2n  +  1)»  J  [(*„)„  J  {cos((i„)„d]  -  cos[(fc.,)„dl}  (1  + 

where 

g,  ^  s»n[(<:,,)„dl/r»  +  8m[(fc„)nd] 

“  C08[(fc,,)„d!  -  C08((fc„)„d] 


(14) 


The  impedance  that  the  top  plate  surface  sees  is  obtained  by  integrating  the  pressure  distribution 
in  the  x-direction,  yielding 


n 


—iwp  8L 
(ICft)n  (2n  +  l)3x* 


(1  +  S„S'„)  {cosp„)„d]  -  cosp,,)„(f]}* 


which  can  be  rewritten  to  separate  the  viscous  effects  as 


^  =  E 

n 


—iuip  8L 

(k„)n  (2n  +  l)V* 


1  _ 1  +  6 

tan[(lr„)„d]  1  +  a 


Squeeze  Films 

In  cases  where  the  thickness  of  the  fluid  layer  is  much  smaller  than  the  viscous  boundary  layer 
d®,  such  that  d„/d  >  1,  the  problem  reduces  to  that  of  a  squeeze-film  bearing.  Applying  appropriate 
approximations  in  Eiq.  (14),  the  pressure  in  the  thin  layer  can  be  written  as 


p(z)  =  pcUo 


4(-l)"+»(u;l/c) 
(2n  +  l)Tr{d/L)<T 


cos 


(16) 


where  a  ic  .ailed  the  squeeze  number  defined  as 

_  12p£^ 

^  pc*<i* 

It  is  clear  that  in  squeeze  films  pressure  waves  travel  with  a  complex  wavenumber  which  can  be  expressed 
in  terms  of  the  non  dimen  onal  squeeze  number. 

DISCUSSION 

The  primary  role  of  a  fluid  layer  is  to  provide  a  coupling  between  the  two  plates.  The  strength 
of  the  coupling  is  determined  primarily  by  the  viscosity  of  the  fluid  and  the  thickness  of  the  layer. 
Considering  the  fluid  layer  properties  in  terms  of  its  impedance  in  the  normal  direction  to  the  plates, 
it  is  clear  that  the  layer  impedance  also  depends  on  the  impedances  of  the  two  plates  bounding  it.  The 
impedances  of  the  plates  contribute  to  the  overall  resistance  and  reactance  of  the  layer. 
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Figure  1.  -  Imaginary  part  of  the  impedance  from  Eq.  (9)  for  an 
aluminum  plate  (h=l  mm)  separated  from  a  rigid  backplate  by 
air. 


Figure  2.  -  Real  part  of  the  impedance  from  Eq.  (9)  for  an  alu¬ 
minum  plate  (h=l  mm)  separated  from  a  rigid  backplate  by  air. 


In  the  absence  of  viscous  losses  in  the  fluid  and  neglecting  radiation  into  the  surrounding  meditun, 
radiatim  from  the  plate  into  the  layer  contributes  to  the  resistive  part  of  the  overall  impedance.  At  the 
coincidence  frequency  of  the  forced  plate,  the  direction  of  radiation  in  the  layer  is  (prestunably)  parallel 
to  the  plates,  and  we  can  expect  it  to  provide  a  source  of  damping.  Above  the  ccwddence  frequent^, 
however,  the  radiation  into  the  layer  is  no  longer  parallel  to  the  plates.  In  the  absence  of  the  secmid 
plate,  again,  radiaticm  damping  would  be  expected,  though  to  a  lesser  degree  than  at  cmncidenoe. 
However,  the  second  plate  reflects  some  or  all  of  the  radiated  energy  back.  Thus,  depending  on  the 
parameters  of  the  layer  and  the  plates,  the  effect  of  radiation  into  the  fluid  layer  can  have  resistive  and 
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reactive  components,  and  that  the  reactance  can  be  mass-  or  spring-like  depending  on  the  frequency 
regime. 

The  effects  of  the  viscous  properties  of  the  layer  are  reflected  through  the  wavenumbers  k,  and 
k,.  The  wavenumber,  Jb^,  of  the  longitudinal  waves  hu  a  relatively  small  imaginary  component.  Its 
effects  are  more  significant  at  longer  wavelengths.  The  wavenumber  k,  at  the  shear  waves  has  a  large 
imaginary  component  and  is  draninant  within  the  viscous  boundary  layers.  In  cases  where  the  layer 
thickness  is  of  the  order  of  the  boundary  layer  thickness,  the  damping  due  to  shear  waves  dominates. 


The  plates  and  the  fluid  layer  form  a  coupled  system  of  three  elastic  continua.  In  the  case  of 
infinite  plates,  we  consider  a  “spatial”  resonance  of  the  plate  in  vacuo  when  the  phase  velocity  of  the 
excitation  force  equals  the  free  bending  wave  speed  of  the  plate.  A  similar  resonance  occurs  between 
the  plate  and  the  fluid  at  the  frequency  where  the  bending  wave  speed  and  the  speed  of  sound  in  the 
fluid  are  equal,  i.e.  the  coincidence  frequency.  The  properties  of  the  fluid  layer  modify  these  resonant 
frequencies  depending  on  the  strength  of  the  coupling  it  forms.  The  imaginary  part  of  the  impedance, 
given  in  Elq.  (9),  vanishes  at  the  spatial  resonances.  As  the  layer  thickness  is  decreased  the  frequency 
of  the  spatial  resonance  increases  as  a  result  of  an  increase  in  the  stiffness  of  the  system,  as  shown  in 
Fig.  1.  There  are  also  resonances  across  the  fluid  layer  thickness  at  relatively  high  frequencies. 

The  overall  damping  of  the  system  depends  on  the  layer  thickness  nonlinearly  [7].  At  very  small 
layer  thicknesses,  although  there  is  damping,  stiffness  dominates.  Viscous  damping  attains  a  maximum 
as  the  layer  thickness  is  of  the  order  of  boundary  layer  thickness  [4].  At  larger  values  of  layer  thickness, 
however,  radiation  from  the  plate  into  the  layer  becomes  the  dominant  damping  mechanism  aroimd 
the  coincidence  frequency,  as  shown  in  Fig.  2. 

The  resonant  effects  and  the  influence  of  the  fluid  layer  are  also  seen  in  Fig.  3,  where  the  magnitude 
of  displacement  of  an  infinite  plate  is  plotted  for  different  layer  thicknesses.  The  damping  effects  of 
fluid  layers  are  more  prevalent  at  lower  frequencies.  However,  the  effect  of  layer  thickness  on  damping 
has  a  dual  role.  Although  small  layer  thicknesses  provide  higher  damping,  they  also  provide  a  higher 
stiffness  thus  shifting  the  resonant  frequencies  of  the  plate  upward,  away  from  the  effective  regime  of 
layer  damping,  as  shown  in  Fig.  2. 
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ABSTRACT 

Systems  using  permanent  magnets  and  magnetic  liquids  for  supression 
of  vibrations  from  various  machines  and  mechanisms  are  well  known  in  the 
world  practice.  Still  they  have  some  drawbacks  that  significantly  limit 
their  application  area.  Adoption  of  osclde  magnetes  having  hi^  specific 
power  provides  creation  of  reliable  machines  for  vibration  supression  in 
the  building  floors.  The  repulsion  force  between  the  magnetic  units  made 
of  strontium  ferrite  in  a  closed  system  can  reach  3  MN  that  provides  vi¬ 
bration  damping  from  machines,  large  power-engines  and  other  mechanisms 
and  devices.  The  level  of  noise  and  vibrations  from  the  above  machines 
drops  sig^flcantly  as  compared  to  the  cases  of  traditional  solutions. 
Corrosion  resistance  of  oxide  magnetes  under  conditions  of  high  humidity 
contributes  to  reliability  of  the  magnetic  dampers. 

INTRODUCTION 

Vibration  accompeuiles  operation  of  almost  any  machine  and  technolo¬ 
gical  equipment.  It  harmfully  effects  the  very  machines,  the  buildings 
they  are  located  in,  as  well  as  the  operator.  It  also  limits  a  further 
improvement  of  these  machines  and  mechanisms.  Thus,  effective  vlbro-pro- 
tectlve  means  have  become  a  must  for  further  development  of  engineering 
and  technology. 

Traditional  means  (on  rubber,  with  springs,  etc.)  have  a  number  of 
limitations:  low  efficiency,  inadequate  durability  and  reliability,  espe¬ 
cially  under  conditions  of  aggressive  medim  (high  humidity  and  a  wide 
temperature  range). 

From  practice,  one  of  the  effective  techniques  for  vibration  damping 
in  buildings  and  structiu'es  is  mnployment  of  specieJ.-purpoae  devices  on 
magnetic  and  magnetic-active  materials,  e.g.,  devices  utilizing  permanent 
magnets  for  oscillations  daiuplng. 

In  the  devices  of  fl-7j,  the  amortization  affect  is  reached  due  to 
the  pull  of  two  magnetes  surrounded  by  magnetic  liquid  layers  and  divided 
by  the  movable  non-magnetlc  partitions.  Fig.  1  shows  a  peculiar  enginee¬ 
ring  solution  used  in  Japan  16  7.  Fig.  2  illustrates  the  one  used  in  the 
USSR  nj  .  *■ 

The  bearing  capacity  of  the  above  systems  is  not  high,  and  their  du¬ 
rability  is  determined  by  the  velocity  of  liquid  evaporation.  The  above 
devices  employ  not  only  permanent  magnetes  but  liquid  magnetes  as  well, 
and  it  considerably  liMts  their,  area  of  application,  especially  in  the 
temperature  range,  and  it  results  in  the  cost  rise  since  hl^-quallty 
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magnetic  liquids  produced,  e.g.,  by  "Perrofluidics  Corporation"  (U.S.A.), 
reqtlire  expensive  liquid  bearers  (fluoro-combinations  of  hydrocarbons  or 
polycydoxans).  Utilization  of  a  natural  phenomenon  of  ;  ^ifeff-pole  magnets 
repulsion  allows  an  intermediate  liquid  medium  to  be  ignored. 

TEXT 

In  the  developed  devices (one  of  which  is  shown  in  Fig.  3)  the  power 
of  the  magnetes  demagnetization  is  used  for  damping,  even  poles  of  which 
get  closer  luider  loading  effects. 

The  device  consists  of  radlallynnagnetized  hard  magnet  ring  (1),  the 
end  of  which  contains  a  stable  hard-magnet  disk  (2).  The  ring  is  connec¬ 
ted  with  a  non-magnetlc  cylinder  (6).  a  movable  hard-magnet  disk  (3)  be¬ 
ing  replaced  inside  it.  The  ring  (l)  and  disk  (2)  are  located  into  a 
steel  shell  (4-)  which  is  a  pole  piece  for  the  pole  liwer  disk  (3) 

la  reinforced  with  a  steel  pole  piece  (5)  closed  to  a  yoke  (4)  by  means 
of  magnetic  wire. 

Thus,  poles  i  of  the  movable  (3)  and  fixed  (2)  disks  are  placed  in¬ 
side  the  system.  At  their  approaching,  a  partial  demagnetization  of  the 
disks  is  occurlng,  while  at  moving  off  from  one  another,  the  magnetic 
flux  running  through  the  discs  is  increasing  till  the  required  magnitude 
la  reached.  This  is  due  to  the  fact  that  the  damping  system  employs  hl^- 
ercetive  magnetes  with  a  liniar  demagnetization  characteristics  (Pig.3). 
The  magnetes  being  approached,  the  working  point  is  shifted  from  starting 
position  1  on  the  demagnetization  line  to  position  2;  the  magnetes  being 
moved  off  from  one  another,  the  working  point  can  enter  position  3,  igno¬ 
ring  position  1.  Thanks  to  linearity  of  demagnetization  characteristics, 
the  working  point  moves  freely  over  it,  and  it  provides  a  durable  system 
operation  in  the  oscillation  mode  without  the  loss  of  the  magnetic  flux. 

Large-size  magnetic  units  meide  of  strontiiun  ferrite  are  utilized  in 
the  device.  They  have  the  following  magnitudes:  (1)  residual  induction: 

Bj.  »  0.41  T  ;  (ii)  coercitive  force  on  induction  HcB  *  300  kA/m;  (iii) 
coercitive  force  on  magnetization  320  kA/m;  (iv)  power  derivatives 
^®">max  “  32  Wm^  . 

The  disc  diameter  may  amount  to  300  mn  at  its  thickness  of  100  mm. 

The  magnetic-hard  ring  prevents  the  magnetic  flux  scattering  that  is 
directed  from  one  pole  of  the  disc  magnet  to  the  other.  In  such  a  system, 
the  induction  value  decreases  down  to  0.2  T1  at  maximum  approaching  of 
the  magnets,  and  it  provides  the  repulsion  force  of  both  pairs  of  poles 
up  to  3  MU  that  is  estimated  for  each  of  them  by  the  formula; 

where  F  -  square  of  interacting  poles;  4^10  '  H/m  -  magnetic  con¬ 

stant;  “  Induction  in  the  interpole  space;  J  pole  square. 

The  magnetic  system,  shown  in  Fig.  3.  is  placed  into  the  rubber 
shell  that  adds  to  the  oscillation  supresslon. 

Opposite  to  traditional  dampers,  the  described  system  has  signifi¬ 
cantly  non-linear  characteristics  (Fig.  9).  Its  advantage  is  also  in  em¬ 
ploying  fairly  cheap  ($  lOAg)  magnetes  that  are  corrosion  resistive  by 
nature. 

The  frequency  range  makes  up  0.1  to  30  Hrz  depending  on  the  mass  of 
the  damping  system.  In  the  latter  case,  small  (50  mm  diameter)  magnetic 
modules,  being  placed  between  a  vibration  sauce  and  a  floor,  are  used  for 
damping.  Application  of  magnetic  damping  systems  is  practically  free  of 
any  service  costs. 

REFEBENCES 

1.  USSR  A.c.  804946.  F16F9/06  Shock-absorber  /  Helnikov,  E.B., 
Slnchenko,  Zh.F.,  Popov,  Yu.I.  //  Bul.I.  ll"7,  1981. 

2.  USSR  A.c.  1060831.  F16F6/00.  Shock-absorber  of  the  device  /  Zago- 
ruyko,  H.I.  et  all.,  Bul.I.  N046,  1983. 

3.  USSR  A.c.  1062450F16F  6/00.  Shock-absorber  /  Subbotina,  B.I47,19G3 

642 


4.  USSR  A.c.  H«  1178982,  P16F9/02.  Air  ahock-abaorber  /  Boguslava- 
ky,  V.A.  //  Bul.l.  N®34,  1985. 

5.  USro  A.c.  1157293,  ?l6?6/00.  Shock-absorber  /  Rodionov,  V.A., 
et  all.,  Bui.  N»  19,  1985. 

6.  Application  55-41370.  Japan.  Shock-absorber.  Published  1980. 

7.  USSR  A.c.  1213283,  P16P6/00.  A  technique  for  magnetic-liquid 
shock-absorbing  //  Rodionov,  V.A. ,  et  all  //  Bul.l.  7,  1986. 


/ 


Figure  1--  Liquid-spring  shock- 
absorber  of  levetizing  type  6 
1-rod;  2-piston;  3-permanent 
magnet;  4-niagnetic  liquid;  5-body. 


Figure  2— Damping  system  on  peiroa- 
nent  magnetes  using  magnetic  liquid 
7  .  1-base;  2-8hlfted  elements; 

3-perraanent  magnet;  4-magnetic  liq¬ 
uid;  5-partitions. 


Figure  3 — Damping  module  on  oxide 
magnetes.  1-magnetic  cylinder;  2- 
fixed  magnetic  disc;  3-shifted  mag¬ 
netic  disc;  4-magnetic  yoke;  5-pole 
piece  of  the  movable  system;  6-non- 
magnetic  supressing  cylinder;  7-an- 
chor  bolt  for  fixing  the  vibration 
source. 
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Figure  4— Demagnetization  cha¬ 
racteristics  for  the  high  energy 
oxide  magnete. 

A  working  point  of  the  magnet 
system:  1  -  at  the  starting  sta¬ 
te;  2  -  at  maxlmtim  loading; 

3  -  at  complete  disloadlng. 


Figure  5“Loading  characteris¬ 
tics  of  the  damping  module. 
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Abitnct 

Volume  velocity  of  an  acoustic  source  can  be  widely  used  in  determining  the  vibro-acoustic  transfer 
functions ,  in  measuring  the  acoustic  transfer  impedances  and  in  finding  the  generated  power  of  a  source. 
Several  techniques  have  been  proposed  for  this  purpose .  such  as  the  laser  velocimetiy,  the  internal  pressure 
measurement  and  the  face-to-face  electro-acoustic  measurement.  However  ,  for  a  source  in  an  enclosure 
with  flexible  walls  ,  acouSto- structural  coupling  should  be  considered.  Present  method  using  an  acousto- 
structural  reciprocity  principle  results  a  good  vibro-acoustic  transfer  impedance  and  can  be  used  in 
determining  the  volume  velocity  of  a  source  in-situ. 

1.  Introduction 

The  volume  velocity  of  an  acoustic  source  is  useful  in  characterising  the  vibro-acoustic  transfer 
functions ,  in  measuring  the  acoustic  transfer  impedances  and  in  determining  the  generated  source  power. 
For  the  study  of  these  acoustic  parameters ,  moving-coil  type  loudspeakers  are  popularly  utilised  as  acoustic 
sources  due  to  its  ease  of  control  and  cheap  price.  Several  methods  have  been  proposed  to  estimate  the 
acoustic  volume  velocity  of  a  loudspeaker.  Among  them .  the  following  three  methods  have  been  suggested 
for  practical  measurenrents  :  the  laser  velocimetry  ,  the  internal  pressure  method  and  the  electro-acoustic 
reciprocity  method.  These  methods  require  idealised  environments  or  test  rigs.  In  this  paper  ,  we  propose  a 
new  technique  for  estimating  the  volume  velocity  of  an  acoustic  source ,  in-situ.  A  reciprocity  method  using 
a  structural-acoustic  transfer  function  is  adopted  and  the  results  are  compared  with  other  methods. 

2.  Detemiiution  of  volmne  velociQr  niing  an  acoaito-itroctiiiil  reciprocity 

Vibration  and  acoustic  field  in  the  flexible  boundary,  like  shells  or  plates  ,  which  should  be  linear  have 
the  reciprocal  relationship.  When  we  consider  two  situations  ,  shown  in  Fig.  I  ,  the  situation  1  is  that  the 
mechanical  force  at  A  is  active  and  the  acoustic  pressure  at  B  is  measured ,  and ,  reciprocally ,  the  situation 
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2  is  that  the  acoustic  source  at  B  is  active  and  the  vibrational  velocity  at  A  is  measured.  Then  ,  from  the 
acoustic  reciprocity  principle  we  can  find  the  following  relationship"’ : 

v»*(7^)  p«>(7b) 
q“’(7b)  f“’(7a) 

where  F(^  is  the  point  excited  force  at  r  =  r^  and  Q(^  is  the  volume  velocity  of  a  monopole  source  at  r  = 
Here  v(r)  is  the  vibrational  velocity  and  P(r)  means  the  acoustic  pressure.  This  principle  states  that  if  in  an 
unchanged  environment  the  locations  of  a  small  source  and  a  small  receiver  are  interchanged  .  the  transfer 
function  between  point  A  and  B  will  remain  the  same.  Therefore,  the  acoustic  volume  velocity  .  Q  ,  as  a 
function  of  frequency  can  be  given  by 


where  the  source  should  be  considered  as  a  monopole  one.  If  the  acoustic  source  can  be  assumed  as  a 
monopole  ,  it  is  not  necessaiy  to  consider  the  shape  of  source  in  this  method.  This  fact  is  powerful  in 
estimating  the  acoustic  volume  velocity  of  sources  with  irregular  geometries"’. 

3.  Compariion  with  other  meuurement  mediods 

3.1.  Later  velocimetry 

Using  the  laser  velocimetry  one  can  directly  measure  the  velocity  ,  u ,  of  a  point  on  the  diaphgram  of  a 
loudspeaker.  With  this  measured  velocity  the  volume  velocity  of  a  source  can  be  easily  measured  using  == 
u  ■  n  S  where  n  is  the  surface  normal  vector  and  S  is  the  effective  area  of  diaphgram.  For  this  measurement 
the  source  is  assumed  to  be  a  baffled  rigid  piston.  In  many  cases  at  low  frequencies  a  loudspeaker 
diaphragm  is  often  considered  "pistonlike"  one.  When  using  the  monopole  source  assumption ,  the  condition 
of  ka  «  1  should  be  satisfied  where  k  is  the  wave  number  and  a  is  the  characteristic  dimension  of  the 
loudspeaker.  At  higher  frequencies .  however ,  the  motion  of  different  parts  of  the  loudspeaker  diaphragm 
modes  are  excited.  Under  these  conditions  the  loudspeaker  will  not  behave  as  a  monopole  source.  In  this 
paper .  we  have  a  loudspeaker  of  100  mm  in  diameter  and  interested  in  the  low  frequencies  below  400  Hz 
where  this  problem  can  be  considered  as  minimally  affecting’*.  The  laser  displacement  meter  ( KEYENCE , 
LC-2310  )  was  used  in  this  experiment  .  The  output  signal  from  the  lasr  displacement  meter  was 
differentiated  to  obtain  the  velocity. 

3.2  Intenul  premre  metbod 

Loudspeaker  diaphgram  housed  in  an  acoustically  sealed  cylinder  vibrates  like  a  piston.  The  cylinder  was 
made  of  PVC  pipe  of  6S0  mm  in  length ,  100  mm  in  radius  and  10  mm  in  thickness.  As  the  piston  vibrates, 
it  causes  changes  in  the  total  internal  pressure  P  and  volume  V.  For  perfect  gases  the  relationship  between  a 
small  change  in  cavity  pressure  due  to  a  small  change  in  its  volume  can  be  given  by"' 

(3) 

V  JOB 
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From  this  ,  one  can  detennine  the  acoustic  volume  velocity  by  measuring  only  the  acoustic  pressure  as 
follows : 

Qipm  =  (4) 

Pc- 

wheie  p  is  the  air  density  ,  c  is  the  speed  of  sound  ,  V  is  the  volume  of  enclosure  .  and  P(o))  is  the  pressure 
fluctuation  in  the  box.  The  wavelength  should  be  larger  than  the  characteristic  dimensions  of  the  enclosure. 
If  the  wavelength  is  small  compare  to  any  of  the  internal  dimensions  ,  the  pressure  will  also  be  govetrred  by 
a  frequency-dependent  spatial  function‘d.  In  this  case  ,  the  error  in  estimating  the  acoustic  volume  velocity 
would  occur.  However ,  we  are  interested  in  the  low  hequency  range  below  400  Hz ,  in  which  this  problem 
need  not  to  be  considered  . 

The  laser  velocimetry  method  was  used  to  be  taken  as  a  reference  measurement  of  the  acoustic  volume 
velocity  for  other  methods.  The  comparison  is  made  in  Fig.2  and  3  between  the  acoustic  volume  velocity 
using  the  internal  pressure  method  and  the  laser  velocimetry .  QniM^O  /  Q.(f)  -  Internal  pressure  measurement 
method  underestimates  the  acoustic  volume  velocity  by  about  0.4  dB.  Inaccuracies  in  the  estimate  of 
internal  pressure  measurement  may  be  caused  by  the  vibrations  of  box  plate  or  due  to  some  bias  errors. 

3.3  Acousto-structaral  reciprocity  method 

To  implement  and  prove  the  method  mentioned  in  section  2 ,  an  irregularly  shaped  chamber  as  illustrated 
in  Fig.4  is  constructed  using  steel  plates  of  1mm  in  thickness.  The  dotted  line  in  Fig.S  is  the  result  of  the 
acousto-structural  reciprocity  method  between  the  points  ,  say  .  A ,  and  B.  A  large  amount  of  deviations 
from  Fig.2  can  be  observed.  Large  peaks  and  troughs  in  the  figure  is  caused  by  the  inverse  of  the  structure- 
acoustic  transfer  function  (  P/F  )  and  multiplicating  it  with  the  measured  velocity.  This  fact  means  that  the 
peaky  curves  are  due  to  errors  in  handling  the  peaky  velocity  and  the  inverse  of  transfer  function  data.  For 
these  peaks  ,  one  needs  a  number  of  data  points  to  average.  If  we  choose  several  points  on  the  boundary  as 
shown  in  Fig.6  ,  the  averaged  acoustic  volume  velocity  is  given  by 

(5) 

Fig.7  shows  a  comparison  between  the  acoustic  volume  velocity  derived  from  the  reciprocal  method  and 
the  laser  velocimetry  ,  Qi,(f)  /  QlCO  .  where  Q|,(0  was  determined  by  a  reciprocal  measurement  when  the 
number  of  averaging  points  is  S.  This  would  become  larger  as  the  frequency  goes  up  to  higher  frequencies 
due  to  the  failure  of  the  monopole  source  assumption.  The  acoustic  volume  velocity  is  influenced  by  the 
environment  where  acoustic  source  is  placed  and  by  the  electrical  source  input  as  well.  The  interaction 
between  the  source  and  the  flexible  panels  causes  the  change  of  radiation  impedance  of  acoustic  source. 
This  means  that  the  acoustic  volume  velocity  will  be  changed  due  to  the  boundary  effects.  Another  problem 
in  these  methods  is  irregular  source  shape.  If  the  dimensions  of  a  source  are  much  smaller  than  the 
wavelength  of  the  sound  being  radiated ,  as  a  monople  source,  then  the  details  of  the  surface  motion  are  not 
important  and  it  will  radiate  exactly  the  same  sound  as  any  other  simple  source  with  the  same  acoustic 
volume  velocity.  In  spite  of  this  advantage ,  established  methods  cannot  find  the  acoustic  volume  velocity  if 
the  shape  of  the  source  is  complex.  The  acoustic  reciprocity  method  which  is  introduced  in  this  paper 
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ovocomes  this  proMem ,  because  it  is  not  necessary  for  this  method  to  consider  the  motion  of  vibrating 
surfaces. 

4.  Prediction  of  interior  sound  field 

If  the  system,  illustrated  in  Fig.4  .  is  linear ,  P/F  and  V/Q  represent  the  same  transfer  fiuiction  between 
point  A  and  B.  When  we  consider  two  points  or  more  on  the  flexible  boundary  ,  the  pressure  at  point  A  will 
be  given  by 


=  (6) 

If  the  transfer  functions  of  all  points  are  found  and  the  input  forces  are  known  ,  the  interior  acoustic 
pressure  in  the  enclosure  can  be  predicted.  The  two  points  on  the  panel ,  shown  in  Fig.4  ,  ate  selected  as 
mechanical  measuring  points.  The  transfer  functions  ,  V/Q  and  P/F  of  A,  to  B  and  A,  to  B  ate  measured. 
From  Fig.7  ,  we  can  find  that  averaged  voluiiK  velocity  when  n=S ,  results  more  accurate  transfer  function 
than  that  from  direct  measuremenL  The  interior  sound  pressure  in  an  enclosure  can  be  predicted  by  using  the 
transfer  functions ,  ( P/F )  and  ( v/Q ).  The  measured  pressures  are  shown  in  Fig.8-<a)  and  (b).  If  the  system 
is  linear  and  if  we  can  estimate  the  acoustic  volume  velocity  accurately  ,  the  vibration  and  acoustic  fields 
will  be  in  reciprocal  relationship.  Then ,  the  two  results  from  (P/F)  and  (y/Q)  will  coincide  with  each  other 
in  all  frequency  ranges.  As  depicted  in  the  figure ,  the  acousto-structursl  reciprocity  method  predicts  the 
interior  pressure  very  reasonably  in  all  frequency  ranges.  Another  complex  situation  considered  is  the 
chamber  consisting  of  double  panels  and  containing  sound  absorbing  materials  in  the  enclosed  space.  Fig.9 
shows  the  comparison  between  the  predicted  and  actually  measured  interior  sound.  Another  good  agteetnent 
can  be  observed. 

6.  Concltuion 

A  new  method  of  rtteasuring  the  volume  velocity  of  an  acoustic  source  is  presented  using  the  acousto- 
structural  reciprocity.  Acousto-structural  reciprocity  method  ovacome  the  problems  of  flexible  boundary 
effects  and  indetemiinable  source  shapes.  This  method  was  applied  to  the  prediction  of  interior  sound 
pressure  due  to  the  structural  excitation  and  the  result  was  in  good  agreement  with  the  practically  measured 
one. 
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Fig.l.  Reciprocsl  relationships  between  vibration  Fig.4.  Transfer  functions  between  boundary  points  , 
and  acoustic  fields  in  flexible  enclosures.  and  intetira  field  point ,  B ,  in  an  enclosure. 


Frequency  (Hz)  Frequency  (Hz) 

Fig.2.  Acoustic  volume- velocity.  Fig.5.  Acoustic  volume  velocity  using  recipitxal 

(  —  :  Laser velocimetry  , - :  IPM )  method.  ( - :n  =  l  ,  —  :n  =  5) 
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Fig.3.  Comparison  of  measured  volume  velocity  Fig.6.  Comparison  of  measured  volume  velocity 
using  IPM  and  laser  velocimetry  using  reciprocity  and  laser  velocimetry. 
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(a) 


(b) 


Fig.7.  Transfer  function  at  a  point ;  volume  velocity  is  obtained 

(a)  by  averaging  those  of  5  points  ,  (b)  by  measuring  only  one  point 
(  —  :  P/F  . - :  v/Q  ). 
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Fig.8.  Prediction  of  interior  sound  pressure  at  a  point  in  an  enclosure  with  simple 
bare  steel  panels 

(a)  using  the  transfer  function  of  P/F  ,  (b)  using  the  transfer  function  of  v/Q. 
(  —  :  predicted  , - ^  measured  ) 


Fig.9.  Prediction  of  interior  sound  pressure  in  case  of  complex  system  consisting  of 
double  panels  and  absorption  materials  in  the  enclosed  space 
(a)  using  the  transfer  function  of  P/F  ,  (b)  using  the  transfer  function  of  v/Q. 

(  —  :  predicted  , - :  measured ) 
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ABSTRACT 

Dynamic  response  characteristics  of  structurally  coupled  roulticavlty  systems  are 
studied.  Acoustoelasticlty  method  is  used  to  model  the  structural-acoustical  interaction 
under  externally  applied  harmonic  forcing. 

It  is  demonstrated  that  effects  of  structural-acoustical  interaction  are  more 
pronounced  when  excitation  frequencies  are  close  to  In-vacuo  acoustical  and  structural 
natural  frequencies.  When  excitation  frequency  is  near  the  cavity  resonant  frequency,  the 
cavity  acts  like  a  vibration  absorber  for  the  structural  wall  and  the  natural  frequency  of 
the  coupled  system  almost  coincides  with  cavity  resonant  frequencies.  When  the  coupled 
frequency  is  well  separated  front  in-vacuo  structural  and  acoustical  frequencies,  the 
interaction  is  found  to  dominate  the  response  at  this  coupled  natural  frequency. 


NOMENCLATURE 


fli 


>,1 


speed  of  sound 
Young's  Modulus 
wall  thickness 

acoustoelastic  coupling  coefficient 
structural  mode  index 
n’th  acoustical  generalized  mass 
m’th  structural  generalized  mass 
acoustical  mode  index 
total  number  of  subcavities 


‘I* 

[Q] 

V 

V 

ft 

U> 


n’th  acoustical  modal  pressure 
ra'th  structural  modal  coordinate 
coupled  system  matrix 

m’th  external  structural  generalized  force 
volume 

Poisson’s  ratio  for  partitioning  wall 
equilibrium  density  of  fluid 
ra'th  structural  natural  frequency 
n'th  acoustical  natural  frequency 


««* 

’.NTROnucriON 

A  structure  vibrating  in  contact  with  a  fluid  of  comparable  density  experiences 
radiation  loading  comparable  to  its  inertjal  and  elastic  forces.  Radiation  loading  thus 
.'(lOdifies  the  forces  acting  on  the  structure  since  the  acoustic  pressure  depends  on  the 
velocity.  Hence,  a  feedback  coupling  between  the  fluid  and  structure  exists.  Here,  the 
structural  and  acoustical  problems  must  be  solved  simultaneously  [1]. 

Structural-acoustical  coupling  is  pronounced  in  the  dynamic  analysis  of  totally 
enclosed  spaces  with  flexible  walls.  Submarines,  aircraft  and  passenger  car  cabins  are 
typical  examples  of  this  typo  of  coupling,  commonly  termed  as  gyroscopical  coupling  since 
the  pressure  in  the  vicinity  of  a  flexible  partition  can  be  expressed  in  terms  of  the 
acceleration  of  the  panel.  Consequently,  the  dynamic  behavior  of  the  coupled  system  deviates 
from  those  of  its  in-vacuo  constituents.  The  degree  of  deviation  depends  on  tfie  level  of 
coupling. 

In  technical  literature  several  methods  of  analysis  have  been  described.  Among  these, 
the  acoustoelasticity  method  is  found  to  be  a  very  popular  and  effective  approach  at  tow 
frequencies  [2,3]. 
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In  the  acoustoelasticity  metnod,  pressure  is  expanded  In  terms  of  the  normal  modes  of 
rigid  -  walled  cavity.  The  results  are  given  In  the  form  of  linear  ordinary  differential 
aquations  for  the  response  of  each  normal  modes.  The  equations  of  motion  of  the  flexible  wall 
in  terms  of  its  structural  modes  are  also  expressed.  Consequently,  the  coupled  fluid  - 
structural  equations  of  motion  are  then  obtained  to  the  acoustical  natural 
frequencies  and  the  corresponding  modes  [3]. 

In  this  study,  acoustoelasticity  method  is  eraployt-  ....uy  the  acoustoelastic  field 
resulted  from  the  interaction  between  isotropic  structural  wall  and  interior  acoustic  field 
uroer  an  external  harmonic  forcing  in  three  dimensional  spaces.  Acoustical  natural 
frequencies,  structural  natural  frequencies  and  coupled  natural  frequencies  are  found.  Sound 
pressure  levels  inside  cavities  in  a  specified  frequency  band  are  determined. 

ACOUSTOELASTICITY  METHOD 

III  'Jidor  to  apply  tho  .icoutcelasticity  method,  it  is  assumed  that  the  first  suncavity 
has  the  isotropic  flexible  walls  on  its  right  side  while  the  other  subcavities  have  flexible 
walls  on  both  sides.  Rectangular,  three  d iiiioiisional  subcavities  are  chosen  for  convenience. 
A  multi-cavity  system  and  the  related  tanninology  are  illustrated  In  Figure  1. 


Figure  1  A  Complex  Shaped  .3-0  Cavity  with  an  c/ucsioe  i-iexiple  Wall 


Acou.stical  System 

Acoustic  fields  in  a  genera!  th-'ee  dimensional  cavity  divided  into  N  subcavities  by 
isotropic  flexible  partitions  is  studied  under  external  forcing.  The  wave  equation  is 
transformed  into  a  set  of  ordinary  differential  equations  by  applying  appropriate  boundary 
conditions  and  Green’s  Theorem.  Hence  modal  equations  of  motion  for  the  acoustic  pressure 
can  be  written  as 


g(j> 


(  1  ) 


yw  ^  ^  for  l<isjy 

where  i  represents  the  subcavity  numoer,  is  the  acoustical  natural  frequency  of  the  i^*' 
sqbcavity,  Af"'  is  the  area  of  the  fexible’ wall ,  and  V'''  is  the  volume  of  the  i^"  subcavity. 
L  I  denotes  the  acoustoelastic  coupling  coefficient  between  the  n”  acoustic  mode  of  i" 
subcavity  and  m‘''  structural  mode  of  Flexible  wall. 


Structural  System 

Partitions  formed  by  isotropic  plates  simply  supported  along  four  edges  are  considered 
in  the  analysis.  Structural  ir,  -  vacuo  normal  modes  used  in  expressing  the  flexible  wall 
deflection  by  modal  expansion  are  specified  by  boundary  conditions  on  the  flexible  wall  area. 
Then  the  modal  equations  for  the  r"  structural  wall  can  be  expressed  explicitly  as 
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-U-i),  U«l)i 


Po'-oAjr  2^ 

®  ^a.A 

w(i>  ^  :ii*  _ 

^  Qm  *'^tf  a-B  .*  ' 

-**->r 

P-CjA-  2,— 

"  *^r,A 


/or  l£i<H 


for  i“-V 


'.'lu'.i'sj  M,  isi  t'lO  m*'*  scf  uc':i;!a  I  jfinci  .i  i  i  zcic'  m5j,3  of  the  i^*'  fexiblo  wa'l. 
si.i  L'Ctijr?  I  in-vacuc  natora'  fro.'iiiency  ;;f  blio  i'-’  wall. 

horcftd  /.ociistical  -  Scructuial  Svsfcii 

In  order  to  find  the  accustical  parameters  of  the  acoustoelastical ly  coupled, 
tciuation  1  and  tne  Equation  2  are  cocitinod  and  simplified  by  introducing  a  macj'ix  il,,' 
iy  defined  as 


^  ''tm  **fcC  -Ay  ^  **/ 

V<«V  ('oi.oii;fr  i/‘:i  v«*-.-4- 

for  ixior 

I  p.c-.’a;«  j 

„  _si_ 


■  yu'  4-  "  n'H 


^  ^am _ £2 

“.,(!♦»»  2-f  "  ,,l.,.au«i» 


foz  J»j*l 

for 


Ir.  order  to  solve  tl'd  acoustceiasr.ically  coupled  system  equations,  [q]  vector  which 
rciitesents  the  structural  weT;  disp ia-e,T.erts.  is  introduced  and  the  coupled  system  equations 
are  rewritten  in  matrix  form  as  foii-ws; 


£?“  0^’ 

p,:  p»  pi. 

'  S  ' 

Q  (K-) )  (•#-:>  p  w-i)  <»-i) 

Coupled  natural  frequencies  of  the  acoustoelastic  system  are  then  found  from  Equation 
rr,;  hy  equating  the  determinant  of  tha  -3  mat.  ix  to  zero 

(5; 

Dec  [0]  =  0 

For  the  given  excitation  frequency  band,  solution  of  the  equation  (4)  gives  the 
resulting  pressure  amplitude  and  hence,  the  corresponding  sound  pressure  level  inside  the 
subcavities  can  be  calculated. 

NUMERICAL  SOLUTION  TECHNIQUE 

The  information  on  eigenvalues  of  the  coupled  system  is  particularly  helpful  in 
identifying  the  peaks  in  the  forced  response  characteristics.  Therefore,  the  solution  of 
Equation  (5)  is  important  to  detennlne  ths  dynamic  behavior  of  the  acoustoelastioal Iv  coupled 
systams.  Equation  F5)  is  a  non-standard  eigenvalue  problem  due  to  the  terms  f-u  j  + 


653 


appearing  in  the  denominator  of  each  term  of  the  Q  matrix.  In  order  to  solve  this  nonstandard 
eigenvalue  problem,  an  iterative  solution  technique  is  adopted.  The  technique  involves  the 
determination  of  the  sign  of  the  deteiminant  as  a  function  of  the  frequency oj .  If  the  sign 
of  the  determinant  of  the  Q  matrix  found  from  two  successive  trial  values  of  Oj'changes,  then 
it  is  understood  that  there  is  a  natural  frequency  lying  between  these  two  trial  “f’s.  Once 
the  interval  is  determined,  the  well  known  Bisection  Method  is  applied  with  a  prespeci f iad 
accuracy  to  find  the  coupled  natural  frequency. 

Acoustic  pressure  distributions  inside  cavities  are  determined  from  the  solution  of 
Equation  (4)  by  employing  Gauss  Elimination  Method  which  gives  the  modal  vectors  {q}  of  the 
coupled  systems.  Acoustical  modal  pressure  amplitudes,  and  finally  total  acoustic  pressure 
amplitudes  are  also  determined  in  the  specified  frequency  band. 

CASE  STUDIE.S 
Case  study  I 

In  this  case  study,  the  forced  response  of  a  three  dimensional  single  cavity  is 
examined  in  the  frequency  band  oc  0-200  Hz. 


Figure  2  Case  Study  1 


The  cavity  given  in  Figure  2  is  believed  as  a  typical  representation  of  cabins  of  twin- 
engine  general  aviation  aircraft  [4].  Thu  cabin  noise  levels  in  such  kinds  of  aircraft  are 
reported  to  be  very  high.  It  is  assumed  that  noise  entered  into  the  enclosed  space  by  ths 
airborne  path  only  through  the  structural  wall  with  no  leakage.  Noise  generation  inside  the 
cabin  was  totally  ruled  out.  The  following  baseline  parameters  were  used  in  the  foregoing 
analysis; 


1.  Rectangular  cavity 
working  fluid 
speed  of  sound 
density 
dimensions 

2.  Structural  wall 
boundary  conditions 


340. 46  m/s 
1.22  kg/m' 

1.22  m  X  1.27  m  X  3.61  m 


boundary  conditions  isimply  "loorted  at 

all  edges 

location  :  center  of  y-z  plane 

dimensions  ;  0.27  m  x  0.7  m 

thickness  (h)  ■  0.00356  m 

modulus  of  elasticity  'E)  :  (6.9)  1o’®  Pa 

surface  density  (o)  ;  9.6  kg/m^ 

Poisson’s  ratio  (vi  :  0.33 

3.  Receiver  Position  r  P(0.304,  0.914,1.215)  m 

4.  Excitation  Force  Amplitude  ;  0.1  Pa 

Damping  characteristics  of  the  structural  wall  and  sound  absorbing  properties  of  rigid 
/alls  were  neglected  in  the  present  analysis. 

For  the  in-vacuo  acoustical  natural  modes,  n^,  n  ,  and  n,  were  taken  from  zero  to  4. 
itructural  in-vacuo  natural  medes,  m  .  m,  were  retained  from  1  to  3.  The  present  analysis  was 
lerformed  in  the  fnequency  band  of  u-200  Hz.  Tables  1  and  2  present  the  in-vacuo  acoustical 
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and  structural  irenuencies  ot  uncoupled  systems,  respectively,  calculated  by  the  software, 
Yhft  coupled  natuial  frequencies  are  tabulated  in  Table  3. 


Table  1  In-vacuo  Acoustical  Natural  Frequencies 


"l 

"l 

f  [Hz] 

0 

. 

0 

1 

47.16 

0 

0 

2 

94.31 

Q 

0 

3 

141.47 

0 

0 

4 

188.62 

0 

1 

0 

134.04 

0 

1 

1 

142.09 

0 

1 

2 

163.89 

0 

1 

3 

194.88 

1 

0 

0 

139.53 

1 

0 

1 

147.29 

0 

2 

168.42 

3 

198.70 

h-:  r  ,  _  H 

0 

193.48 

_ '  _i _ • 

199.15 

TiLile  2  In-vacuo  Structural  Natural  Frequencies 


n. 

1 

■  J 

< 

r ■ 

2 

2 

3 

3 

3 

1 

2 

•3 

i 

2 

3 

1 

2 

3 

IIIQIQQl 

136.31 

169.27 

277.54 

492.3 

546.3 

632.5 

1085.6 

1138.6 

1226.8 

Table  3  Coupled  Natural  Frequencies 


[HZ]  !  59.43  34.72  167.79 


186.23 


In  the  case  of  weak  coupling  between  the  acoustic  cavity  and  the  structural  wall,  when 
the  excitation  frequency  is  near  a  structu.-al  or  a  cavity  resonant  frequency  then  the  largest 
response  will  occur  at  these  in-vacuo  natural  frequencies.  On  the  other  hand,  when  the 
coupling  is  strong,  the  contribution  of  the  coupling  Into  the  response  cannot  be  neglected. 

Contributions  by  structural  wall  and  cavity  resonant  frequencies  into  the  response  of 
the  system  are  demonstrated  in  Figure  3  as  well  as  the  contributions  of  coupled  frequencies. 
As  depicted  by  the  theory  of  acoustoelasticity,  when  the  excitation  frequency  is  well 
separated  both  from  the  structural  and  cavity  in-vacuo  natural  frequencies,  there  may  not 
be  a  single  dominant  structural  and/or  acoustical  cavity  natural  frequency  in  the  response 
[2].  For  such  a  case,  dominant  peaks  In  the  response  are  observed  at  the  coupled  frequencies. 
The  peak  at  coupled  frequency  of  69.43  Hz  seen  in  Figure  3  was  associated  with  this 
phenomenon.  The  sound  pressure  level  c'-rresponding  to  this  peak  was  found  to  be  136  dB  [5]. 

According  to  the  theory,  when  the  excitation  frequency  is  close  to  a  cavity  resonant 
frequency,  the  cavity  acts  like  a  Vbration  absorber  for  the  structural  wall.  In  such  a  case, 
coupled  frequencies  either  coincide  with  the  cav’ty  natural  frequencies  or  come  very  close 
to  these  frequencies.  In  the  present  analysis,  the  in-vacuo  acoustical  n?‘  '  frequency  at 
94.3’  riz  is  shifted  to  94.72  riz  while  the  acoustical  natural  frequency  a  Hz  shiHed 
down  r.o  the  coupled  frequency  of  1G7.V3  Hz.  Figure  3  ill'ustrates  peaks  c  ding  to  the 
cavity  resonant  frequencies  and  the  coupled  frequencies  of  the  structura  tical  system 
[5j 

When  the  structural  and  acoustical  in-vacuo  natural  frequencies  are  close,  the  effect 
of  the  coupling  is  also  pronouncud  in  the  evstsm  response  [3].  The  acoustic  natural  frequency 
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at  188.62  Hz  and  the  structural  wall  natural  frequency  at  189.27  Hz  for  the  given  system  is 
a  typical  example  of  such  a  case.  The  coupled  frequency  which  was  shifted  down  to  186.62  Hz 
due  to  such  an  Interaction  resulted  in  a  peak  in  the  response.  As  it  is  seen  from  Figure  3, 
together  with  the  cavity  and  structural  wall  resonant  frequencies,  coupled  frequencies  must 
be  taken  into  consideration  to  identify  the  peaks  in  the  response  if  such  special  cases  are 
encountered  [5]. 

Case  Study  2 

The  forced  respon.se  of  the  tnulticsvivy  system  was  considered  in  this  case  study.  System 
was  divided  into  two  identical  subcavities  partitioned  with  identical  flexible  wa1  Is  as  shown 
in  Figure  4. 


Figure  4  Case  Study  2 


The  dimensions  of  the  subcavities  and  the  flexible  walls  are  the  same  as  the  system 
given  in  Case  Study  1.  The  external  harmonic  forcing  is  applied  on  to  the  second  structural 
v/all  on  the  right  end  of  the  cavity.  The  amplitude  of  the  forcing  is  taken  to  be  0.1  Pa  as 
before. 

The  in-vacuo  acoustical  modes  Oj,  n,  .inJ  '  were  taken  from  0  to  3.  In-vacuo  structural 
mooes  and  m^  -lere  retained  from  1  to  3  ’n  .toos  '  expansion.  The  frequencies  in  0  to  200-Hz 
frequency  band  were  selected  in  the  sralyss.  The  in-vacuo  acoustic  and  structural 
frequencies  are  Identical  for  both  subcav  and  structural  walls,  respectively. 

Coupled  natural  frequencies  of  the  mu Iticavity  system  were  determined  by  the  software 
and  tabulated  in  Table  4. 


Table  4  Coupled  Natural  Frequenci  53  of  the  Miilticavity  System 


BIHBO 

41.31 

78.64 

QQIIIQI3 

140.51 

141.33 

184.20 

188.11 

In  the  case  of  the  multicavity  systems,  acoustic  pressure  field  in  one  of  the 
subcavities  is  influenced  by  acoustic  pressure  fields  inside  the  other  subcavities.  Degree 
of  coupling  between  subcavities  determines  the  level  of  interaction  dependence  of  internal 
acoustic  pressure  fields. 

Although  dimensions  of  partitioning  walls  and  cavities  are  the  same,  sound  pressure 
levels  in  the  first  and  the  second  subcavity  are  expected  to  be  slightly  different.  The  first 
subcavity  has  one  flexible  wall  or.  its  right  side.  The  acoustic  pressure  inside  this 
subcavity  results  from  the  acoustic  pressure  field  inside  the  second  cavity  by  acoustical 
energy ;interchange  through  the  common  wall.  Second  subcavity  is  bounded  by  two  flexible  walls 
on  its  left  and  right  sides.  Acoustic  pressure  field  inside  the  second  cavity  depends  on  the 
acoustic  pressure  field  inside  the  first  subcavity  and  the  external  forcing  applied  through 
the  flexible  wall  on  its  right  side. 

Responses  of  the  first  and  second  cavities  for  the  specified  points  to  the  harmonic 
excitation  described  are  illustrated  in  Figures  5  and  6,  respectively.  The  in-vacuo 
acoustical  natural  frequency  at  47.16  Hz  is  seen  to  shift  down  to  41.31  Hz  due  to  the 
acoustoelastic  coupling.  This  outcome  is  also  consistent  with  the  findings  reported  by  E.M. 
Sbzer  [6].  At  this  frequency,  acoustical  natural  mode  (001)  was  dominant  in  the  response  of 
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the  both  cavities.  The  oeaK  observea  at  the  coupled  frequency  78.64  Hz  was  also  singled  out 
as  a  distinct  peak  since  the  excitation  frequency  Is  well  separated  front  the  in-vacucj 
acoustical  and  structural  .natural  frequencies  as  discussed  In  the  previous  case  study.  Ini 
such  a  case,  the  response  peaks  out  at  the  ccupled  frequency  In  the  vicinity  of  acoustical; 
and/or  structural  natural  frequencies  while  these  frequencies  do  not  appear  1r.  the  response 
any  more.  On  the  other  hand,  the  In-vaciio  natural  frequency  at  94.31  Hz  was  seen  to  be 
coupled  resulting  In  two  closely  coupled  natural  frequencies  at  94.63  Hz  and  94.93  Hz  due 
to  Interactions  between  two  subcavities.  This  type  of  coupling  experienced  between  two 
subcavities  can  be  termed  as  cavity  coupling.  The  peak  at  this  frequency  in  the  second 
subcavity  was  observed  to  be  higher  than  the  one  in  the  first  subcavity.  The  seme  discussion 
also  applies  to  the  coupled  natural  frequencies  of  140.51  Hz  and  141.33  Hz  resulting  from 
the  coupling  of  the  In-vacuo  acoustical  natural  frequency  at  141.47  Hz.  The  in-vacuo 
structural  natural  frequency  at  189.27  Hz  was  coupled  by  shifting  down,  giving  two  ccupled 
natural  frequencies  at  184.20  Hz  and  at  188.11  Hz.  The  magnitude  of  the  peak  at  184.20  Hz 
in  the  second  subcavity  was  higher  than  the  one  observed  In  the  other  subcavity.  Conversely, 
the  opposite  was  observed  at  188.11  Hz  [£]. 

When  Figures  5  and  6  are  compared  to  Figure  3.  it  can  be  concluded  that  when  the 
acoustical  system  Is  partitioned  by  flexible  walls  to  form  multicavities  one,  the  coupled 
natural  frequencies  rather  than  the  in-vacuo  acoustical  or  structural  natural  frequencies 
dominate  the  response.  Special  care  should  be  exercised  when  identifying  peaks  in  the 
response  If  the  system  to  be  analyzed  Is  made  up  of  multicavities  [5). 

CONCLUSIONS 

The  main  conclusions  reached  after  the  case  studies  can  be  outlined  as  follows: 

1.  When  the  excitation  frequency  Is  well  separated  from  in-vacuo  acoustical  and 
structural  natural  frequencies,  there  Is  no  single  dominant  structural-cavity  natural 
frequency,  structural-acoustical  interactions  cannot  be  neglected,  and  the  dominant  peaks 
in  the  response  are  observed  at  coupled  natural  frequencies. 

2.  When  the  excitation  frequency  Is  near  the  cavity  resonant  frequency,  cavity  acts 
like  a  vibration  absorber  for  the  structural  wall  and  the  coupled  frequency  coincides  with 
cavity  resonant  frequencies  or  come  close  to  these  frequencies. 

3.  If  the  in-vacuo  acoustical  and  structural  frequencies  and  the  excitation  frequency 
are  close  to  each  other,  then  structural-acoustical  Interaction  is  pronounced  in  the  system 
response.  The  coupled  frequency  of  the  system  happens  to  be  close  to  these  frequencies. 

4.  The  accuracy  of  the  present  analysis  depends  on  the  number  of  acoustical  and 
structural  In-vacuo  modes.  The  higher  the  number  of  acoustical  and  structural  modes,  the  more 
accurate  the  results  obtained  would  be. 

5.  The  method  is  particularly  applicable  In  the  cases- of  low  modal  density.  For  this 
reason,  it  can  be  successfully  employed  to  study  structurally  coupled  interior  acoustic 
fields  witn  or  without  absorption. 

6.  Care  should  be  exercised  in  specifying  the  frequency  increment  when  the  excitation 
frequency  is  near  to  in-vacuo  acoustical-natural  frequencies  to  avoid  the  trivial  solutions. 

7.  For  structural  1n-vacuo  modes,  simple  trigonometric  functions  have  employed  In  the 
analysis  due  to  simply  supported  boundary  conditions  assumed  for  the  partitions.  One  should 
be  careful  Wiien  interpreting  t.he  results  in  practical  applications  since  partitioning  wails 
are  rarely  simply  supported.  However,  It  is  possible  to  adopt  other  orthogonal  functions  in 
modal  expansion  to  account  for  real-life  boundary  conditions. 
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ABSTRACT 

The  engine  exhaust  system  was  modeled  as  a  lumped 
source-muff ler-termlnatlons  system.  An  expression  for  the  predicted  sound 
pressure  was  derived  In  terms  of  the  source  and  termination  Impedances,  and 
the  muffler  geometry.  The  developed  prediction  scheme  Is  very  efficient  from 
computation  point  of  view.  Also,  the  predicted  sound  pressure  can  be 
calculated  without  computing  the  source  pressure  or  the  source  velocity 
although  these  quantities  can  be  calculated  if  necessary.  The  formulation  was 
verified  through  a  series  of  experiments.  The  source  Impedance  was  measured 
using  the  direct  method.  Sound  pressure  level  measurements  for  the  prediction 
scheme  were  made  for  several  source-muffler  and  source-straight  pipe 
combinations.  In  all  cases,  correlation  of  the  experimental  results  and  those 
predicted  by  the  developed  expressions  was  good. 

INTRODUCTION 

In  an  Internal  combustion  engine,  the  engine  Is  the  noise  source  and  the 
exhaust  pipe  Is  the  main  transmitter  of  noise  from  the  source  to  the  open  end 
of  the  pipe.  The  open  end  of  the  exhaust  pipe  Itself  acts  as  a  source  and 
radiates  the  engine  noise  to  the  surroundings.  The  primary  function  of  noise 
control  devices  used  In  the  engine-exhaust  pipe  system  should  be  to  reduce 
the  amount  of  sound  energy  radiated  from  the  open  end  of  the  exhaust  pipe  to 
the  surroundings.  A  series  of  experiments  could  be  conducted  on  several 
mufflers  Installed  in  the  exhaust  pipe  to  achieve  the  desired  reduction  in  the 
exhaust  noise.  But  this  is  not  a  very  efficient  way  of  reducing  the  amount  of 
sound  energy  radiated  from  the  engine  exhaust  to  the  surroundings  as  the 
fabrication  of  mufflers  and  experimental  work  Involve  a  great  deal  of  time, 
effort  and  cost.  Alternatively,  If  one  can  develop  a  method  to  predict  the 
radiated  sound  pressure  at  a  specified  distance  from  the  open  end  of  the 
exhaust  pipe  so  that  the  prediction  scheme  Involves  only  a  few  measurements, 
then  much  of  the  laborious  experimental  work  Involved  In  muffler  design  can  be 
avoided. 

In  order  to  reduce  noise  levels  one  should  have  a  good  knowledge  of  the 
sound  source  characteristics  and  the  manner  In  which  the  sound  Is  propagated. 
If  the  sound  is  propagated  from  the  open  end  of  a  pipe,  then  the  radiated 
sound  pressure  can  be  predicted  at  a  particular  location  from  the  open  end  by 


■aklng  one  aeasureaent  at  a  convenient  location  near  ^the  pipe  open  end  and 
knowing  the  source  characterlatlcs.  Prasad  and  Crocker*  developed  a  scheae  to 
predict  the  sound  pressure  radiated  froa  the  open  end  of  an  unflanged  pipe. 
The  velocity  source  aodel  was  used  and  the  source  strength  was  expressed  In 
teras  of  the  source  lapedance,  the  radiation  lapedance,  the  four  pole 
paraaeters  and  the  aeasured  sound  pressure.  The  expression  for  the  transfer 
lapedance  was  derived  In  terns  of  the  distance  aeasured  froa  the  open  end  of 
the  pipe,  the  source  lapedance,  the  radiation  lapedance  and  appropriate  four 
pole  paraaeters.  The  predicted  sound  pressure  was  obtained  froa  the  product  of 
the  transfer  lapedance  and  source  velocity.  The  prediction  ^o^  the  radiated 
sound  pressure  froa  an  open-ended  pipe  was  studied  by  Boden^’  '  .  The  pressure 
and  velocity  source  aodels  were  used  In  the  prediction  scheae.  A  total  of  23 
different  pipe  lengths  (loads)  ranging  froa  0.2  a  to  3.2  a  were  used  In  the 
experlaents.  The  source  lapedance  values  obtained  froa  the  two-load  and 
three- load  aethods  were  used  In  the  prediction  scheae.  The  acoustic  aodel Ing 
of  engine  exhaust  systeas  was  applied  to  a  reciprocating  type  vacuua  puap  by 
Srldhara’.  A  scheae  to  predict  the  sound  pressure  radiated  froa  the  exhaust 
pipe  was  developed  using  the  pressure  and  velocity  source  aodels. 

THEORY 


Pressure  Source  Model 


A  scheaatlc  dlagraa  of  the  pipe  without  and  with  a  auffler  In  place  Is 
shown  In  figure  1.  The  sound  pressure  and  velocity  at  sections  1-1  and  2-2  of 
the  straight  pipe  without  and  with  the  auffler  Installed  In  the  pipe  are 
related  by  the  four  pole  paraaeters.  Block  diagrams  showing  the  sound 
pressure,  velocity,  and  four  pole  paraaeters  for  the  straight  pipe  without  and 
with  the  auffler  present  are  also  shown  in  figure  1.  The  overall  four  pole 
paraaeters  for  the  straight  pipe  without  and  with  the  muffler  Installed  can  be 
denoted  by  A' ,  B' ,  C' ,  0'  and  A,  B,  C,  0.  The  expression  for  the  sound 
velocity  at  the  source  location  for  the  straight  pipe  can  be  written  (with 
reference  to  figure  1)  In  teras  of  the  source  pressure,  source  lapedance,  load 
lapedance  and  sound  pressure  at  section  1-1  .  Thus 


or 


V 
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In  the  pressure  source  aodel.  the  source  pressure  Is  assumed  to  be  a  constant 
at  a  given  frequency.  Therefore,  for  the  sane  source-pipe  system  with  a 
auffler  Installed,  it  can  be  written  that; 
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It  can  be  shown  froa  eqiiatlons  (1)  and  (2)  that 
%  *  *l'  *  *L 

Pi' - Pi  -  .  (3) 

*l'  \ 


Substituting  for  Pi'  and  In  teras  of  the  radiation  lapedance,  four  pole 

paraaeters  and  the  sound  pressure  at  section  2-2  (figure  1,  cases  1  and 
111  e<iuatlon  (3)  can  be  written  as 


P2'  A  ♦  B 


In  equations  (1)  through 
Impedances  corresponding  to 


*s  *  *l' 

(4),  the  lapedances 
the  cases  without  and  with 


(4) 

and  are  the  load 
the  auffler  Installed. 


Monopole  Radiation  Model 


The  open  end  of  an  unflanged  pipe  can  be  aodeled  as  a  aonopole  or  point 
sound  source  for  snail  values  of  the  ratio  of  pipe  diameter  (at  the  open  end) 
to  the  wavelength.  In  such  a  case,  there  will  be  plane  and  spherical  wave 
propagation  to  the  left  and  right  of  the  exit  plane  of  the  pipe.  The  sound 
power  transmitted  through  the  open  end  of  a  pipe  should  be  equal  to  the  sound 
power  radiated  from  the  open  end  of  the  same  pipe  modeled  as  a  monopole  when 
there  Is  no  loss  of  energy. 


The  sound  power  transmitted  through  the  exit  plane  of  an  open-ended  pipe 
Is  given  by  the  sound  power  Incident  on  the  exit  plane  minus  the  sound  power 
reflected  at  the  exit  plane.  It  can  be  shown  that  at  the  exit  plane  of  the 
pipe: 
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(5) 


In  equation  (S),  |p^|  Is  the  pressure  amplitude  of  the  spherical  wave  at  a 

given  radius,  the  cross  sectional  area  of  the  pipe  Is  denoted  by  S' ,  the 
surface  area  of  the  Imaginary  sphere  Is  represented  by  G'  and  other  symbols 
have  their  usual  meaning.  Equation  (S)  can  be  written  as 
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S' 


(  1  -  |B' 


)  =  Ip, 


where  R'  “  (  /  p^'  )  Is  the  conplex  reflection  coefficient  at  the  open 

end  of  the  pipe.  The  sound  pressure  can  be  written  at  the  exit  plane  of  the 
pipe  in  terms  of  Its  two  components  as 


Pa'  °  ^2*  *  Pa'"  =  iPa'*!  I'  *  "'I  • 

Solving  for  |P2^*|  equation  (7)  and  substituting  into  equation  (6),  it  can 
be  shown  that 


|p,'  I  =  [ 


1  +  R' 


G' 


,1/2  I 

1  P. 


(1  -  |R' I  )  S' 


(8) 


In  a  similar  way,  a  relation  between  the  sound  pressures  and  p^  can  be 

established  for  the  straight  pipe  in  which  a  muffler  is  Installed.  Thus  with 
reference  to  figure  1 

(  1  -  |R|^)  S 

|P  I  =  ( - IP2I  .  (9) 

|1.R|2  G 

where  the  symbols  have  their  usual  meaning. 


Prediction  Scheme 


Combining  equations  (4),  (8)  and  (9)  It  can  be  shown  that  when  there  is 
no  flow  through  the  pipe  and  R  =  R'  (for  S  =  S'),  the  predicted  sound 
pressure  level  Is  given  by 
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(10) 


The  terms  L  and  L  ' 
P  P 


In  equation  (10)  represent  the  predicted  and 


measured  values  of  the  sound  pressure  level  at  distances  r  and  r'  from  the 
open  end  of  the  pipes  of  lengths  L  and  L'  .  Is  given  by  the  sum  of  the  three 

quantities  on  the  right  hand  side  of  equation  (10).  The  first  one  is  a 
measured  quantity,  the  second  term  is  derived  from  plane  wave  theory,  and  the 
third  quantity  is  based  on  the  monopole  radiation  model  used  at  the  open  end 
of  the  pipe.  Expressions  for  the  predicted  value  ol  the  sound  pressure  level 
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can  be  derived  froa  a  suitable  coablnatlon  of  equations  (4).  (8)  and  (9) 
for  special  cases  such  as 

{r'  =  0.  r  >  0).  (r'  >  0.  r  »  0),  (r'  *  0,  r  =  0).  when  L  *  L'  and  L  =  L' . 
EXPERIMENT 

Several  experiments  were  conducted  and  the  radiated  sound  pressure  level 
was  predicted  for  different  source-straight  pipe  and  source-muff ler-straight 
pipe  combinations.  A  reciprocating  type  vacuum  pump  was  the  source  used  during 
the  experiment.  The  experimental  set  up  Is  shown  In  figure  2.  A  simple 
expansion  chamber  was  the  muffler  element  installed  In  the  pipe.  The  source 
Impedance  was  measured  using  the  direct  method.  The  radiated  sound  pressure 
level  was  predicted  using  equation  (10).  Experiments  were  conducted  In  an  open 
space  with  the  ground  below  the  open  end  of  the  pipe  covered  with  an  acoustic 
material  to  minimize  the  ground  reflections.  A  frequency  range  from  0  to  3200 
Hz  was  selected  during  the  measurements  to  ensure  only  plane  wave  propagation 
In  the  pipe.  A  B&K  type  2032  EFT  analyzer  and  0.006  m  diameter  microphones 
were  used  during  the  experiments. 

Because  of  the  size  and  weight  of  the  vacuum  pump  and  electric  motor, 
measurements  were  made  with  the  experimental  set  up  mounted  on  a  horizontal 
table.  The  sound  pressure  level  measurements  were  made  at  a  distance  of  0.05  m 
from  the  open  end  of  the  pipe  In  order  to  maintain  a  10  dB  difference  between 
the  signal  and  electrical  noise.  Although  several  experiments  were  conducted 
only  three  plots  are  presented  In  this  paper  (figure  3  ). 

RESULTS  AND  DISCUSSIONS 

There  are  no  theoretical  methods  to  calculate  the  source  impedance.  The 
schemes  used  to  predict  the  source  Impedance  are  complicated  and  are  still  to 
be  proven.  The  accuracy  of  the  measured  values  of  the  source  impedance  should 
be  verified  by  experimental  means.  The  reliability  of  the  random  excitation 
and  transfer  function  methods  of  source  Impedance  measurement  can  be  tested 
against  known  theoretical  cases  such  as  open  and  rigid  terminations  of  a  pipe. 
The  accuracy  of  the  predicted  values  of  the  radiated  sound  pressure  level  can 
be  determined  by  comparing  the  predicted  quantities  with  the  corresponding 
measured  quantities.  However,  it  should  be  remembered  here  that  the  predicted 
values  of  the  radiated  sound  pressure  level  are  functions  of  the  measured 
values  of  the  source  Impedance,  theoretical  source  models  and  computed  values 
of  the  radiation  Impedance.  It  should  also  be  noted  that  the  predicted  values 
of  the  radiated  sound  pressure  level  depend  on  the  monopole  radiation  model. 
Therefore,  the  results  presented  In  this  paper  should  be  examined  keeping  all 
of  these  factors  In  mind. 

The  reliability  of  the  computed  value  of  the  radiation  impedance  has  been 
established  In  pipe  acoustics  .  The  monopole  radiation  theory  is  valid  for 
small  values  of  the  pipe  end  diameter  to  wavelength  ratio.  Thus  the  accuracy 
of  the  prediction  scheme  depends  mainly  on  the  accuracy  of  the  measured  values 
of  the  source  Impedance.  Also,  the  prediction  scheme  can  be  used  to  verify  the 
correctness  of  the  source  Impedance  values.  Although  the  sound  pressute  level 
measurements  were  made  at  distances  r'  and  r  (figure  1)  equal  to  0.05  m  it 
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has  been  establish^  that  the  prediction  scheme  works  well  for  small  and  large 
values  of  r'  and  r  . 

Referring  to  figure  3,  the  predicted  values  of  the  sound  pressure  level 
shown  In  case  1  were  obtained  using  the  source  Impedance  measured  when  the 
pump  was  operating.  In  this  se.  It  Is  seen  that  the  predicted  and  measured 
values  of  the  sound  pressure  level  agree  well  below  1200  Hz  and  above  2400  Hz. 
The  disagreement  above  1200  Hz  can  be  attributed  to  the  increasing  pipe 
diameter  to  wavelength  ratio  at  the  open  end  of  the  pipe,  whereas  the  reason 
for  the  good  agreement  between  the  predicted  and  measured  values  from  2400  to 
3200  Hz  Is  not  known.  The  sound  pressure  levels  plotted  In  cases  11  and  111 
(figure  3)  correspond  to  the  cases  In  which  the  source  Impedance  was  measured 
when  the  pump  was  operating  and  stationary. The  agreement  between  the  predicted 
and  measured  values  is  seen  to  be  good  below  1200  Hz  except  In  tne  range  from 
100  to  250  Hz.  A  s’lgnt  frequency  shift  between  the  predicted  and  measured 
values  of  the  sound  pressure  level  Is  seen  in  this  case. 

The  acoustic  model  of  an  engine  exhaust  system  Is  a  powerful  tool  In 
predicting  the  behavior  of  a  source-  muffler-termination  system.  The  model  has 
been  found  |o  work  well  In  the  case  of  a  system  with  a  simple  source  such  as  a 
loudspeaker  ,  and  an  actual  source  like  the  vacuum  pump.  It  should  be  possible 
to  extend  the  acoustic  modeling  to  systems  with  more  complicated  sources  than 
that  covered  In  this  article. 
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Case  1  Case  11 

Figure  1--Schematlc  diagram  and  equivalent  electrical  circuits  for  the  scheme  to 
predict  the  sound  pressure  radiated  from  the  open  end  of  a  pipe.  Case  i.  Without 
the  muffler  installed.  Case  ii.  With  the  muffler  installed. 


Figure  2--Experimental  set  up  for  the  vacuum  pump. 
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Case  i  Case  ii 


Figure  3--Predicted  and  measured  values 
of  the  radiated  sound  pressure  level. 
Vacuum  pump  data,  r'  =  r  =  0.05  m, 

L'  =  1.22  m,  L  =  1.83  ID!  _ 

measured,  -  predicted. 

The  pump  impedance  was  measured  when 
the  pump  was  operating  in  cases  i  and 

ii.  A  simle  expansion  chamber  was 
installed  in  the  pipe  in  cases  ii  and 

iii. 


Case  iii 
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ABSTRACT. 

The  experimental  studies  of  Russian  church  bell  characteristics 
(eigenfrequencies,  mode  shapes,  sound  intensity  vector  mapping,  etc.) 
were  made  using  modal  analysis  and  sound  intensimetry  methods. 
Experimental  studies  served  as  basis  for  the  bell  finite  element  model 
development  and  identification.  The  finite  element  model  of  a  bell 
allows,  by  optimization  of  profile,  weight,  dimensions  and  material,  on 
the  stage  of  projection  to  obtain  the  design  of  a  bell  with  required 
characteristics.  As  a  result  the  church  bells  were  manufactured  using 
modern  technology  with  "voice"  similar  to  that  of  ancient  Russian  bells. 

INTRODUCTION. 

It's  well  known  that  as  well  as  the  most  huge  and  the  most  remarkable 
in  sound  bells  were  only  in  Russia.  Unfortunately,  the  secrets  of  art 
of  casting  of  Russian  church  bells  practically  have  been  lost.  The  goal 
of  our  work  is  to  tongue  the  sound  of  Russian  church  bell  using  modern 
research  methods  of  sound  sources  acoustic  parameters  and  modern  casting 
technics.  On  the  first  stage  of  researches  the  experimental 
investigation  of  acoustic  and  vibration  characteristics  of  ancient 
Russian  church  bell  of  Samgin  company  was  done.  The  finite  element 
model  of  this  bell  was  developed  and  identified  on  the  base  of  this 
experiments.  This  model  was  used  for  optimization  of  bell  profile, 
dimensions,  weight  and  material  to  obtain  the  bell  design  that  closely 
approaches  in  sound  to  prototype  (Samgin  bell) . 

EXPERIMENTAL  STUDIES. 

Experimental  studies  of  acoustic  and  vibration  bell  characteristics 
were  made  in  unecho  chamber.  Samgin  bell  (dimensions  :  550  mm  high, 

513  mm  in  max.  diameter;  weight  -  83  kg)  was  suspended  in  the  center  of 
unecho  chamber.  In  the  course  of  experimental  studies  the  following 
characteristics  were  determined  ; 

-  vibration  acceleration  and  sound  pressure  spectrum; 

-  basic  eigenfrequencies  and  eigenmodes,  mode  damping  coefficients; 

-  sound  active  intensity  map; 

-  bell  surface  zones  that  have  most  contribution  to  sound  emission. 

Measurement  setup  is  shown  on  fig.  1.  Excitation  of  bell  vibration 
was  done  by  the  tongue  of  the  bell.  The  mechanical  arm  was  designed  to 
insure  the  constant  force  of  the  stroke.  Modal  analysis  of  bell 
vibration  were  done  using  126  measurement  points  (in  each  point 
acceleration  spectra  were  measured  in  three  directions)  and  reference 
point  on  the  tongue  was  chosen.  In  excitation  and  measurement  channels 
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Flg.l.  Measurement  setup. 

special  type  of  windows  were  chosen  to  insure  optimal  Fourie  analysis  of 
transient  vibration  signal.  Modal  parameters  extraction  was  made  using 
modal  analysis  package  of  IMS  company  (Belgium) .  While  study  of  most 
active  emitting  bell  surface  zones  the  spatial  vector  of  active  sound 
intensity  was  measured  at  30  mm  distance  from  bell  surface  relative  the 
points  of  acceleration  spectra  measurements  in  modal  analysis.  Using 
intensity  measurement  package  of  IMS  company  measurement  results  were 
presented  as  intensity  vector  and  amplitude  maps.  On  fig.  2.  the 
sound  pressure  spectnu  of  the  bell  is  shown.  Measurement  was  done  on  1 
m  distance  from  the  bell  axe.  Spectrum  is  composed  of  many  discrete 
peaks.  Time  evolution  of  sound  pressure  spectrum  shows  that  at  the 
stroke  moment  sound  spectrum  is  reach  but  in  1-1.5  seconds  the  spectrum 
is  reduced  to  four  basic  discreet  frequencies  :  336  Hz,  652  Hz,  787  Hz, 
1064  Hz,  which  form  the  bell  "voice”.  Experimental  modal  analysis  of 
the  bell  were  done  in  frequency  range  50-3000  Hz.  In  this  frequency 
range  was  determined  14  modes.  The  first  mode  is  the  most  active,  it 
has  frequency  of  337  Hz  (fig.  3).  information  about  bell  mode  shapes 
allowed  to  determine  bell  surface  zones  which  were  used  for  bell  tuning 
on  the  finite  element  model  on  the  design  stage  as  well  as  tuning  the 
bell  after  casting.  Active  sound  intensity  vector  maps  were  studied  for 
every  bell  mode  shape.  Analysis 
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of  active  sound  intensity  amplitude  and  vector  maps  (fig.  4)  allows  to 
conclude  that  bell  surface  maximum  deformation  zones  make  maximum 


Fig.  4.  Active  intensity  map  (336  Hz). 

contribution  to  sound  emission.  These  zones  could  change  their  location 
on  the  bell  in  dependence  on  excitation  point  location  (point  of  tongue 
stroke] . 

THEORETICAL  STUDIES. 

The  goal  of  theoretical  studies  was  to  Investigate  dependence  of 
bell  elgenfreguencies  and  mode  shapes  on  it's  design  (profile  shape) , 
alloy  characteristics  (elasticity  module,  specific  density.  Poison 
coefficient,  etc.).  Bell  finite  element  model  was  developed  composed  of 
volume  elements  (8800  degrees  of  freedom,  see  fig.  5) ,  which  was  used 
to  compute  elgenfreguencies  and  mode  shapes.  Computations  were  done  on 
HP  workstation  model  350  .  Optimal  number  of  degrees  of  freedom  was 
chosen  which  insured  1%  of  accuracy  in  elgenfreguencies  calculation 
assuming  freguency  range  of  first  four  elgenfreguencies  (up  to  2000  Hz) 
which  form  the  bell  "voice". 

This  bell  finite  element  model  was  identified  using  experimental  modal 
analysis.  Experimental  and  computed  elgenfreguencies  are  shown  in  table 
1.  Correlation  between  experiment  and  computations  is  good  enough. 
Finite  element  model  identification  also  was  done  on  the  mode  shapes  and 
good  correspondence  was  obtained.  On  fig.  5  first  mode  shape  is  shown, 
this  mode  shape  corresponds  to  that  from  experimental  modal  analysis. 
This  model  was  used  for  studies  of  Influence  of  natural  variation  of 
Poison  coefficient  and  elasticity  coefficient  on  eigenfreguency 
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variation.  Variation  of  these  coefficient  in  2-3  percent  range  causes 
the  variation  of  eigenfrequencies  in  1-2  percent  range.  This  finite 
element  model  was  also  used  to  develop  methods  of  tuning  the  bell  sound. 
Thus,  developed  bell  finite  element  model  allows  on  the  stage  of  design 
to  obtain  bell  design  features 
(dimensions,  weight,  profile,  alloy 
components)  which  provide  the 
required  sound  characteristics  of 
the  bell.  This  design  method 
allows  to  obtain  drawings  of  bell 
ensembles  to  compose  bellfries 
which  conforms  to  ancient  Russian 
sound  harmonic  raw.  Now  we  have 
designs  of  bell  ensembles  with 
weight  from  8  to  1600  kg,  which 
produce  sound  within  the  range  of  3 
octaves . 

FIRST  RESULTS. 

Using  developed  drawings  of  83  leg  bells  a  number  of  bells  were 
manufactured  and  their  acoustic  characteristics  were  studied,  in  table 
2  eigenfrequencies  and  damping  ratio  one  of  these  bells  and  the  same 
parameters  of  Samgin  bell  are  shown. 

Table  2.  Eigenfrequencies  and 
damping  ratio  of  new  and  Samgin 
bells. 


Table  1.  Experimental  and 
computed  bell  eigenfrequencies. 


1  Experiment 

Computation | 

336 

HZ 

336 

Hz 

652 

HZ 

654 

Hz 

780 

HZ 

807 

Hz 

1064 

HZ 

1063 

Hz 

I  New  bell  |  Samgin  bell 


I  Eigenfr.  |  Damping  |  Eigenfr. |  Damping  | 


327 

Hz 

0.0010 

336 

Hz 

0.0021 

664 

Hz 

0.0015 

652 

Hz 

0.0017 

725 

Hz 

0.0011 

780 

HZ 

0.0018 

The  new  bell  surpasses  Samgin  bell  in  continuance  of  sound  especially  on 
the  first  tone.  Eigenfrequencies  of  the  new  and  Seungin  bell  are  close 
enough.  On  the  subjective  estimation  of  specialists  "voices"  of 
mentioned  above  bells  are  very  similar. 

CONCLUSION. 

The  first  stage  in  the  bell  sound  research  was  implemented  which 
consists  of  : 

1.  the  acoustic  characteristics  of  Russian  ancient  Samgin  bell  were 
studied ; 

2.  the  finite  element  model  of  a  bell  was  developed  and  identified  on 
the  basis  of  experimental  research; 

3.  using  finite  element  model  the  methods  of  bell  tuning  were  developed 
and  the  dependence  of  "voice"  of  the  bell  from  alloy  components, 
dimensions  and  profile  geometry  was  studied; 

4.  the  new  bronze  bell  was  manufactured  which  "voice"  is  similar  to 
that  of  Samgin  bell; 

5.  the  drawings  of  bell  ensemble  weighting  from  8  to  1600  leg  which 
produce  sound  within  the  range  of  3  octaves  were  obtained. 
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The  following  is  assimed  on  the  next  stages  of: 

1.  to  simulate  on  the  computer  the  real  bell  excitation  (tongue 
stroke) ; 

2.  to  study  the  stress  distribution  pattern  of  a  bell  to  optimize  the 
bell  weight; 

3 .  to  study  the  bell  sound  emission  process  using  the  boundary  element 
method; 

4.  to  create  a  data  base  on  "voices*  of  ancient  Russian  bells  which 
could  be  find  in  Russia. 
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ABSTRACT 

A  new  set  of  spherical  shell  theories  is  presented  with  differing  degrees  of  physicality,  varying  from  a 
simple  membrane  model  up  to  a  fluid  loaded  shell  theory  that  includes  translational  motion,  rotary  inenia,  and 
transverse  shearing-stress.  Numerical  results  from  these  theories  are  compared  with  exact  results  from 
elastodynamic  theory.  The  motivation  of  this  study  is  to  overcome  the  limitations  of  both  modal  analysis 
approaches  and  of  the  somewhat  more  general  Extended  Boundary  Condition  (EBC)  method  due  to  Waterman, 
sometimes  called  the  T-matrix  method.  The  spherical  shell  is  studied  with  an  eye  towards  generalizing  the  results 
obtained  to  spheroids.  The  aim  of  the  present  research  is  to  yield  a  better  understanding  of  the  scattering  event  by 
employing  more  general  and  more  physical  shell  theories. 

INTRODUCTION 

So-called  "shell  theories"  simplify  the  calculations  of  the  motion  of  thin  elastic  shells  by  making 
assumptions  about  the  scatterer  and  its  movements.  We  use  the  standard  assumptions  of  shell  theory  as 
formulated  by  A.  E.  H.  Love  [1]  and  which  are  as  follows:  first  the  thickness  of  a  shell  is  small  compared  with  the 
smallest  radius  of  curvature  of  the  shell;  second  the  displacement  is  small  in  comparison  with  the  shell  thickness; 
third  the  transverse  normal  stress  acting  on  planes  parallel  to  the  shell  middle  surface  is  negligible;  and  finally  the 
fibers  of  the  shell  normal  to  the  middle  surface  remain  so  after  deformation  and  are  themselves  not  subject  to 
elongation.  These  assumptions  are  used  in  the  development  of  a  shell  theory  for  an  elastic  spherical  shell  in  the 
spirit  of  Timoshenko- Mindlin(2,3]  plate  theory. 

DERIVATION  OF  THE  EQUATIONS  OF  MOTION 

In  spherical  shells  membrane  laesses  (proportional  to  j5)  predominate  over  flexural  stresses  (proportional  to 
where 


1  h 
Vi2a' 


(1) 


We  differ  from  the  standard  derivation  for  the  sphere  [4]  by  retaining  all  terms  of  order  /3^in  both  the  kinetic  and 
potential  energy  parts  of  the  Lagrangian  and  by  considering  the  resonance  frequencies  for  the  fluid  loaded  case  to 
be  complex.  We  note  that  this  level  of  approximation  will  ^low  us  to  include  the  effects  of  rotary  inertia  and  shear 
distortion  in  our  shell  theory,  as  well  as  damping  by  fluid  loading.  The  parameter  /}  itself  is  proportional  to  the 
radius  of  gyration  of  a  differential  element  of  the  shell  and  arises  from  integration  through  the  thickness  of  the 
shell  in  a  radial  direction.  We  will  use  an  implicit  harmonic  time  variation  of  the  form  exp(-itBf).  We  begin  our 
derivation  by  considering  a  u,v,w  axis  system  on  the  middle  surface  of  a  spherical  shell  of  radius  a  (measured  to 
mid-shell)  with  thickness  h,  as  shown  in  Fig.  1. 
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Fig.  1.  —  Spherical  shell  showing  coordinates  used.  The  u,v,w-  coordinate  systenn  is  somewhere  on  the  mid¬ 
surface. 

Lagrangian  variational  analysis 
The  Lagrangian,  L,  is 


L  =  T-V  +  W,  (2) 

where  T  is  the  kinetic  energy,  V  is  the  potential  energy,  and  is  the  work  due  to  the  pressure  at  the  surface. 
The  kinetic  energy  is  given  by 


2' ’JO  JoJ-kn' 

where  the  surface  displacements  are  taken  to  be  linear  as  in  Tunoshenko-Mindlin  plate  theory; 


(3) 


(4) 


and 


(5) 


The  nwtion  of  die  spherical  shell  is  axisymmettic  since  the  sound  field  is  torsionless.  Thus  there  is  no  motion  in 
the  v-direction.  Substitution  of  Eqs.  (4)  and  (S)  into  Eq.  (3)  yields,  after  integration  over  x  and  d , 

r=  arp.fsineK-^-*-  — +  fia^y-2(-^-(-— +  — K^)'+(— +  (6) 

*■’»  80a"  2  80a"  4  59  80a"  12  59  12 

or,  in  terms  of /3, 

T  -  ;rp/a"  f ^(1.8^*  -t- 6/8"  + 1)«"  -  (3.6^‘  -t- 6^")«-^-K1.8^‘  +  0?’  +  DH'^Jsin 959,  (7) 

•0  tin 


where  the  first  and  last  terms  in  square  brackets  in  Eq.  (7)  ate  associated  with  linear  translational  kinetic  energies 
and  the  middle  two  tenns  ate  associated  with  rotational  kinetic  energies  of  an  element  of  the  shell. 

The  potential  energy  of  the  shell  is 


1  fM  fiM  fkn  • 

''  =  2  J*  + a)  sin  Odxddd^, 


(8) 
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where  the  nonvanishing  components  of  the  strain  are 


aVae  ) 


and 


=  —(cotffu+w)+-^cot6( 1 
a  or  \  ao ) 


and  where  the  nonzero  stress  components  are 


(9) 


(10) 


o,» 


Y3^(e«  +  ve^), 


(U) 


and 


(12) 


where  E  is  Young's  modulus.  By  substitution  the  potential  energy  becomes 


„  lf*f2»f*«r  E  1  (,,,  x^au  X  ci^w  f  or-.  xdw^  ,, 

=  -  d[(l+-)^: - — ;-+w*]+ cot0[tl-! — )u - ]  +  yv) 

2*  Jo  J-*/2[l-v*(;t  +  a)"C  a  a  39^  a  a  39 

-1  r  X.  xdw^  x.au  X  a^w 

+2  v{cot  fl[(l  +  -)u — — ]  +  wjrd + -)— — ^  +  w) 
a  a  39  a  99  a  9Gr  ) 


(at  +  a)  sin  9dxd9^, 


which  after  integradon  is 


jcEh  <fu.,  , 

V  = - r  {(w  +  — )*  +  (w  +  «cot0)*  +  2v(w  +  — )(w  +  ucot0) 

39  39 


<3«.i 


<9u. 


(13) 


(14) 


Terms  in  the  potential  energy  proportional  to  are  due  to  bending  stresses. 

And  finally,  the  work  done  by  the  pressure  of  the  surrounding  fluid  on  the  spherical  shell  is  given  by 


W  =  2x0^  j^p^w  sin  939, 


(15) 


where  p,  is  the  pressure  at  the  surface. 

The  Lagraneian  density  and  its  equations  of  motion 

A  La^angian  density  must  be  used  instead  of  the  Lagrangian  since  the  integration  along  the  polar  angle  is 
intrinsic  to  the  problem.  The  Lagrangian  density  is 
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L  =  jtp,ha\(\  +  6P^  +  l.Sfi*)u^  -(6^"  +  3.6/3^)u^  +  (^"  +  1.8/?*)(^)" 


+(I  +  )vv^  ]sin  6 - -  {(iv  +  +  (w  +  wcot  B)^  +  2  v{w  +  — )(w  +  ucot  B) 


du  •> 

h— )  +(w  +  iicoi 
oB 

+27ca^p^wsm6. 


with  corresponding  differential  equations  of  motion 


Q  _  dL  d  dL  d  dL 
du  dO  BUf  dt  du,  ’ 


dw  dO  dwg  dt  dw,  dOdt  dwg,  dO^  dwgg ' 


where  subscripts  denote  differentiation  of  the  variable  with  respect  to  the  subscript. 

By  substitution  of  Eqs.  (17)  and  (18)  into  (16)  we  obtain 

O  =  (l-hP^)[0+cote^-(v+cot^0)«]-^^|^-^^co,e|^ 

+[(1  +  v)+)3^v+ cot' e)]|^ -^[(1.8^‘ +6)3' + 1)^-(1.8)3‘ +  3)3")-^], 

oB  c„  dl  d&dr 


+cot  0[(2  -  V + cot'  0))3'  -  (I  +  v)]u  -  /?'  -  2^'  cot  0^ 

^  qB  oO^ 

+^'(1+  v+cot' 0)^;^-)3'cot0(2-  v+cot' 0)^-2(l+  V)>v 
oB  dB 

+^(-(1.8/3*  +  3^')-gL-(1.8^'  +  3)3')cote§ 

Cp  dudt  dt 

These  differential  equations  of  motion  (19)  and  (20)  have  solutions  of  the  form 


-0  a»? 


y<r\)  =  ^W.P,{ri), 
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where  TJ  =  cos6  and  /’.(r;)  are  the  Legendre  polynomials  of  the  first  kind  of  order  n.  When  the  differential 
equations  of  motion  (19)  and  (20)  are  expanded  in  terms  of  Eqs.  (21)  and  (22).  we  obtain  a  set  of  linear  equations 

in  terms  of  U,  and  W,,  whose  determinant  must  vanish.  We  shall  consider  two  cases:  with  and  without  fluid 
loading. 

The  vacuum  case 

The  vacuum  case  is  the  simpler  problem  that  occurs  when  the  spherical  shell  is  surrounded  by  a  vacuum 
such  that  there  is  no  damping.  Thus,  the  pressure  at  the  surface  vanishes:  p,  =  0.  The  set  of  linear  equations  the 
expansion  coefficients  must  satisfy  are 

0  =  (i2’(l  +  6)3^  +  1.8/3‘‘)-(l+^’)*:]f/,+(Q^(3^'+1.8)3")-)3V-(l+  vUW.,  (23) 


and 


0  =  -A.[(k- - 3)P^  - 1.8^‘  + 1  +  vK/.  +[0^1  +  +  tip*)- 2(1  +  v)-P^kX,W„  (24) 

where  Q  =  aw  /  c,,  Af  =  V  +  A,  - 1,  and  A.  =  n(/« + 1).  In  order  for  Eqs.  (23)  and  (24)  to  be  satisfied 
simultaneously  with  a  non-trivial  solution  the  determinant  of  the  system  must  vanish: 

0  =  a'^(l  +  6P^  +  1.8^‘)(l  +  2y3^  +  1.8)3'')+Q*((3i3’  +1.8j8")A.[(*-  -3)^’  -1.8/3*  +1  +  v) 

-[2(1  +  V) VA.Kl  +  6/3'  + 1.8^*)  -  (1  +  p^)K(l  +  2^'  + 1.8/3*)) 

+(1 + /3')Kt2(l  +  V) + ^'kA.I  -  A,[(if-  3)^'  - 1.8)3*  + 1  +  v]^'  + 1  +  v).  (25 ) 

Since  there  are  no  damping  terms,  the  shell  vibrates  theoretically  forever.  Thus,  the  normalized  frequency 
fl  can  be  taken  to  be  real.  Equation  (25)  is  quadratic  in  Q',  thus  we  expect  two  real  roots  to  (25)  and  thus  two 
modes  for  the  motion  of  the  shell.  They  are  the  symmetric  and  antisymmetric  Lamb  modes. 

The  fluid  loaded  case 

The  fluid  loaded  case  requires  that  we  consider  a  modal  expansion  of  the  surface  pressure  in  terms  of  the 
specific  acoustic  impedance  r,.  In  its  most  general  form  this  is 


p{a,e,$)  = 

asOwaO 


(26) 


where 


h,(ka) 

h,(ka) 

The  specific  acoustic  impedance  z,  can  be  split  into  real  and  imaginary  parts; 


z,  =  r.-iam.. 


(27) 


(28) 


where 


r.=pcRe 


(29) 
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and 


For  the  case  of  axisynunetric  motion  we  are  considering,  the  surface  pressure  is 


(30) 


P.(fl)  =  -X*X/’.(cos0). 

mO 


(31) 


or  by  subsdtution, 

P.(e)  =  -t,H<t>W,r,-a>^W,m.)P.(cose). 


(32) 


Use  of  Eq.  (32)  in  our  set  of  differential  equations  of  motion  (19)  and  (20)  yields  the  following  set  of  linear 
equations  for  the  expansion  coefficients  in  the  case  of  a  fluid  loaded  spherical  shell; 

0  =  [n»(l  +  6P^  +  up*)  -  (1 +^’)K-lt/. +(Q»(3/3’  +  Up*)  -  P^K-{\  +  v)]W;,  (33) 


and 


0  =  -A.[(  K  -  3)P^  -  up*  + 1  +  v]f/.+{tf  (1  +  a+2p^  +  up*)  -  2(1  +  v)  +  Ofy  -  P^kX,]W„  (34) 


where 


and 


(35) 


a  r 


(36) 


Again  the  determinant  of  Eqs.  (33)  and  (34)  roust  vanish.  However,  in  this  instance  the  value  of  £2  must  be  taken 
to  be  complex;  the  resonances  have  a  width  that  depends  on  the  damping.  The  result  of  setting  this  determinant  to 
zero  is 


0  =  n^(l + 6/5*  +  1.8/5*K1  +  a  +  2P^+  UP*) 

+n’fy(l + 6p^  +  Up*)+Si*[(.3P^  +  UP*)X,HK- 3)/9*  - 1.8^*  + 1  +  vj 
42(1  +  V) +^*»l.](l  +  6/5*  + 1.8^*)  -  (1 + /5*)ic(l +0+2/5*  +  1.8^*))  +n(-iy(l +p^)K] 

+(1 + ^*)icl2(l  +  V) + /5*)a,)  -  A.[(jc  -  3)/5*  -up* +  1+  v](^*  + 1  +  v).  (37) 

Equation  (37)  has  at  least  four  complex  roots.  From  woric  with  an  exact  modal  solution  to  the  problem,  we 
expect  two  roots  to  be  associated  with  the  symmetric  and  antisymmetric  modes  of  the  shell.  We  expect  the  other 
two  roots  to  be  associated  with  a  water-borne  pseu<k>-Stoneley  wave. 

CXINCLUSIONS 

The  next  step  is  to  plot  the  roots  of  Eqs.  (25)  and  (37)  to  compare  the  resonances  predicted  by  these  models 
with  those  given  by  exact  modal  expansion  solutions.  By  suppressing  a  and  y,  the  model  associated  with  Eq. 

(37)  reverts  to  the  vacuum  case  model  associated  with  Eq.  (25).  Similarly  suppression  of  factors  of  p  in  Eq.  (25) 
will  result  in  a  reversion  to  a  previously  derived  solution  (Junger  and  Feit,  1986).  We  may  then  tank  the  three 
different  models  according  to  their  degree  of  physicality  and  compare  their  results  for  various  relative  shell 
thicknesses  against  each  other  and  against  the  exact  results  of  the  mo^  expansion  model.  We  may  also  consider 
the  limitations  of  each  of  the  models  including  the  exact  solution,  as  well  as  those  of  shell  models  in  general. 
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By  setting  the  values  of  a  and  y  in  Eq.  (37)  to  zero,  we  revcn  the  shell  theory  model  to  one  without  fluid 

loading.  Similarly,  by  setting  fi  to  zero  as  well,  the  model  levens  to  a  membrane  model.  These  models,  fluid 
loaded,  vacuo  case,  and  membrane,  are  successively  less  physically  sophisticated  and  give  successively  less  good 
comparison  with  exact  (modal  expansion)  results.  Starting  with  the  least  sophisticated  model,  we  see  in  Fig.  2 
thick  spherical  steel  shell  dilatational  (symmetric)  and  flexural  (andsymroeiric)  mode  resonances  calculai^  by  the 
membrane  model.  Here  and  in  the  succeeding  figures  thick  means  /i/a  =0.1;  thin  means  /i/a=0.01.  The  shell 

material  is  a  generic  steel  with  density  p,  =  7.7  times  that  of  water,  shear  velocity  v,  =  3.24  km/s,  and  longitudinal 

velocity  v,  =  S.9S  km/s.  The  surrounding  fluid  is  taken  to  be  water  with  density  p  =  1000  kg/m^  and  sound 


velocity c,  =  1.4823  km/s.  The  symmetric  mode  shows  a  good  comparison  between  exact  and  shell  theory 
predictions,  but  the  antisymmetric  shell  theory  results  for  this  approximation  compare  poorly  with  the  exact 
flexural  results.  Note  that  some  symmetric  m^  resonances  were  not  found  by  our  exact  the^  algorithm.  In 
Fig.  3  we  see  thin  spherical  steel  shell  dilatational  (symmetric)  and  flexural  (antisymmetric)  mode  resonances 
calculated  by  the  membrane  model.  Again  there  is  good  cmnparison  between  dilatational  (symmetric)  mode 
resonances  calculated  by  the  two  methods,  except  for  the  first  couple  of  resonances.  Only  a  few  exact  flexural 
resonances  were  picked  up  by  our  algorithm.  And  again  the  shell  theory  flexural  (antisymmetric)  mode 
resonances  show  Ae  do  not  asymptote  properly  with  increasing  order.  In  Fig.  4  we  have  thick  spherical  steel 
shell  dilatational  (symmetric)  and  flexural  (antisymmetric)  mode  resonances  ^culated  by  shell  theory  without 
fluid  loading  (vacuum).  As  in  the  membrane  model  the  siwll  theory  and  exact  calculations  compare  well  for  the 
dilatational  (symmetric)  mode  resonances.  In  contrast  with  the  membrane  model,  hcwever,  the  exact  and  shell 
theory  calculations  for  tiiis  model  show  much  better  agreement  for  the  flexural  (antisymmetric)  mode  resonances. 
This  model  does  not  include  fluid  loading,  but  does  include  the  effects  of  shear  distcnion  and  rotary  inertia.  The 
vacuum  shell  theory  flexural  mode  resonances  do  not  asymptote  for  large  size  parameter  ka  to  the  exact  results, 
however.  In  Fig.  5  we  see  thin  spherical  steel  shell  dilatational  (symmetiic)  and  flexural  (antisymm*-^'''  mode 
resonances  calculated  by  shell  theory  without  fluid  loading  (vacuum).  As  in  the  membrane  model  *'  .ry 

and  exact  calculations  conqpare  well  for  the  dilatational  (symmetric)  nxx)eresonar>ces  except  for  the'  if 

resonances.  This  vacuum  model  does  not  have  fluid  loading,  and  has  insufficient  damping  for  /o 

dilatational  (symmetric)  mode  resonances.  Again,  the  flexural  (symmetric)  mode  resonances  show ,  -'die 

correct  behavior,  but  it  is  not  possible  to  tell  what  the  asymptotic  value  of  Ae  phase  velocity  would  be  tor  large 
size  parameter  on  this  scale.  Next  in  Fig.  6  we  have  a  plot  of  thick  spherical  steel  shell  dilatational  (syouMstHc) 
and  flexural  (antisymmetric)  mode  resonances  calculated  by  shell  theory  with  fluid  loading.  As  in  the  vacufiin 
case  as  well  as  for  the  membrane  model,  the  chlatational  (symmetric)  mode  resonances  compare  well  for  exaa  and 
shell  theory  methods.  The  flexural  (antisymmetric)  nx>de  resonances,  as  calculated  by  shell  theory  with  fluid 
loading,  do  not  appear  to  have  the  correa  asymptotic  limit  for  lar«  size  paiwneter,  idthough  they  do  exhibit 
roughly  the  correct  behavior  for  lower  values  of  ko.  Finally,  in  Fig.  7  we  see  thin  spherical  steel  shell  dilatational 
(symmetric)  and  flexural  (antisymmetric)  mode  resonances  calculated  by  shell  theory  with  fluid  loading.  The 
exact  and  shell  theory  calt^ations  agree  well  for  the  dilatatitmal  (symmetric)  resonances  and  exhibit  a  marked 
improvement  for  the  first  several  shell  theory  symmetric  mode  resonances.  This  is  doe  to  the  inclusion  of  fluid 
lor^g  in  the  tnodeL  The  flexural  (antisymmetric)  mode  resonances  show  the  appropriate  behavior  on  this  tadier 
limited  size  parameter  scale. 
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Fig.  2.  Thick  steel  shell,  membrane  model  (h  h  =  0.1).  Hg.  3.  Thin  steel  shell,  membrane  model  (h  la  =0.01). 
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Fig.  4.  Thick  steel  shell,  vacuum  model  (h  la  =  0.1). 
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Fig.  5.  Thin  steel  shell,  vacuum  model  {h  la  =0.01). 
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Fig.  6.  Thick  steel  shell,  fluid  loaded  (h  la  =  0.1). 
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Fig.  7.  Thin  steel  shell,  fluid  loaded  (h  la  =0.01). 
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ABSTRACT 

Experimental  measurements  on  point-driven,  fluid-loaded  cylindrical  shells  in  the  fre¬ 
quency  region  0  <  fcn  <  10  are  processed  using  nearfield  acoustical  holography  and  wave 
vector  filtering  in  order  to  expose  the  details  of  wave  motion  on  the  structure.  Gabor 
transform  tools  along  with  the  creation  of  various  filters  in  the  k-u?  space  domain  are  used 
to  study  impulsive  wave  packets  as  a  function  of  space  and  time  excited  by  a  point  drive 
inside  the  shell.  This  technique  provides  a  very  powerful  tool  for  the  study  of  experimental 
data.  In  particular,  we  are  able  to  visualize  the  difference  between  phase  and  group  veloci¬ 
ties  for  helical  waves  traveling  on  the  shell.  Of  particular  note  is  the  ability  to  display  wave 
conversion  at  discontinuities,  such  as  the  ends  of  the  shell.  This  wave  conversion  consists 
of  flexural  to  longitudinal,  longitudinal  to  flexural,  and  conversion  into  radiated  pressure. 
Similar  conversions  occur  with  shear  waves,  which  are  shown  to  be  excited  by  a  normal 
point  force  in  the  frequency  region  fca  >  2. 


INTRODUCTION 

It  is  the  objective  of  this  work  to  uncover  basic  mechanisms  of  wave  propagation  on, 
and  radiation  from  simple  shell  structures  through  the  use  of  signal  processing  techniques. 
One  of  the  simplest  shell  structures  is  a  cylindrical  shell  with  spherical-like  endcaps,  driven 
into  vibration  by  a  point  force  inside.  Although  simple  in  structure,  this  vibrator  is  rich  is 
basic  physics.  To  study  this  simple  structure,  the  Naval  Research  Laboratory  has  several 
advanced  research,  large  pool  facilities.  Robotic  scanners  under  computer  control  track 
predefined  contours  and  measure  the  pressure  fields  generated  from  the  vibrator  very  close 
to  the  shell.  These  contours  are  either  cylindrical  or  conformal.  Using  nearfield  acoustical 
holography  (NAH)[1]  this  information  is  processed  to  yield  the  normal  velocity  on  the 
surface  of  the  shell  as  well  as  the  surface  pressure.  At  this  point  wave  vector  filtering 
(WVF)  techniques  are  applied  to  provide  an  experimental  dispersion  analysis  (free  waves 
of  propagation)  of  the  shell.  We  will  discuss  in  this  paper  the  processing  steps  which  axe 
taken  in  WVF  leading  to  the  final  result:  the  impulse  response  of  the  structure  in  the  time 
domain. 
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DESCRIPTION  OF  PROCESSING 


Figure  1  shows  a  typical  measurement  grid  for  the  nearfield  pressure  created  by  the 
''’brations  of  a  point-driven  shell.  The  point  driver  located  inside  the  shell  is  excited 
with  a  chirp  signal  so  that  a  broad  range  of  frequencies  can  be  covered  with  a  single 
experiment. [1]  The  radial  surface  velocity  is  reconstructed  using  NAH  on  a  grid  concentric 
to  the  measurement  grid  at  a  radius  equal  to  that  of  the  shell.  Where  this  grid  coincides 
with  the  surface  of  the  shell,  the  radial  surface  velocity  is  reconstructed. 


Figure  1-  A  computer  controlled,  robotic  scanner  measures  the  pressure  over  the  grid  shown 
(128x64)  axial  x  circumferential  points.  The  point-driven  shell  is  excited  by  a  chip 
time  signal. 


Figure  2  Flowchart  <rf  the  wave  vector  filtering  process.  The  various  Fourier  transforms  are 
indicated  which  talce  us  through  the  flow  chart  in  the  clockwise  direction. 
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The  processing  steps  of  WVF  are  shown  in  2.  Note  that  the  reconstructed  surface 
velocity  is  normalized  by  the  driving  force  generated  by  the  p<wt  driver.  The  same  normal¬ 
ization  is  applied  to  the  measured  pressure,  creating  transfer  functions  which  provide  the 
input  to  WVF.  These  transfer  functions  are  Fourier  transformed  to  the  frequency  domain 
to  provide  the  first  box  in  the  fiow  chart  in  fig.  2.  The  three-dimensional  coordinate  system 
indicates  that  a  cube  of  data  exists,  with  two-dimensional  slices  displayed  in  the  figure.  A 
typical  data  set  consists  of  128x64x512  points  corresponding  to  the  triplet  (z,^,u)). 

The  first  processing  step  takes  spatial  Fourier  transforms  in  the  circumferential  and 
axial  directions.  Thus  — *  VF{k,,k^,u/).  The  second  box  in  figure  2  demon¬ 

strates  this  process  and  displays  the  magnitude  of  V>  for  a  particular  frequency.  The 
magnitude  of  Vp  forms  a  “figure  8”  locus  (the  DC  wavenumber  is  at  the  center  of  the  “8”). 
This  locus  is  produced  by  the  quasi-bending  free  waves  which  are  excited  on  the  shell  and 
are  discussed  at  length  in  a  recent  paper.  [2] 

The  third  panel  in  figure  2  represents  an  important  processing  step  in  which  the  u 
and  k^  axes  have  been  interchanged.  This  plot  shows  the  magnitude  of  Vjr  for  a  particular 
circumferential  harmonic,  k^  =  n.  This  plot  is  called  an  experimental  dispersion  curve, 
and  provides  the  dispersion  character  of  the  n'th  harmonic.  The  origin  is  at  the  center  of 
the  kj  axis  (not  as  shown)  so  that  the  right  branch  indicates  free  waves  traveling  to  the 
right  on  the  shell,  and  the  left  branch  waves  to  the  left.  As  usual  the  slope  of  the  curve  at 
any  point  provides  the  axial  group  velocity  of  this  wave.  Note  that  the  axial  phase  velocity 
is  given  by  Cj  = 

The  fourth  panel  in  fig.  2  is  derived  from  an  inverse  FFT  on  k,.  Thus  we  have 
Vp(z,  n,  (j).  Tliis  plot  is  called  a  standing  wave  plot  as  it  shows  the  distribution  of  nodes  and 
antinodes  as  a  function  of  frequency  for  a  given  value  of  n.  (The  gray  scale  representation 
has  been  reversed  in  this  plot  so  that  the  light  areas  represent  the  largest  magnitude.) 
One  can  see  the  number  of  antinodes  increasing  with  frequency  (the  slow  quasi-bending 
wave)  until  the  rapid  oscillation  gives  way  to  a  much  longer  wavelength  wave  (the  fast 
shear  wave)  about  midway  up  the  frequency  axis. 

The  final  step  in  the  WVF  flowchart  is  em  inverse  FFT  in  a;  to  yield  vf(z,  n,  t).  This 
is  called  the  radial  velocity,  impulse  response.  Since  all  quantities  are  normalized  to  the 
driving  force  (in  the  frequency  domain),  this  inverse  transform  simulates  the  response  of 
the  system  to  a  impulsive  force  in  time.  This  is  a  band-limited  impulse  since  generally  a 
limited  band  of  frequencies  is  selected  from  the  standing  wave  data  before  the  inverse  FFT 
is  applied.  The  {u;tual  location  of  the  driver  is  just  to  the  right  of  the  displayed  origin  in 
fig.  2.  The  dark  eireas  represent  the  tracks  of  the  impulse  as  the  wave  travels  down  the 
shell,  reflecting  off  of  the  endcaps  to  travel  in  the  opposite  direction.  The  slope  of  these 
tracks  provides  the  group  velocity  of  the  wave.  Further  processing  can  be  applied  to  this 
type  of  display  to  uncover  the  reflection  coefficients  of  these  waves  at  the  ends  of  the  shell, 
presented  in  another  paper  in  these  proceedings.  [3] 

Figure  3  illustrates  some  other  processing  schemes  of  the  WVF  approach  used  in  the 
study  of  wave  propagation  in  shells.  The  wave  dispersion  data  (panel  3  in  fig.  2)  can  be 
used  as  a  starting  point  of  three  different  filtering  schemes.  We  will  discuss  the  second 
scheme  in  this  paper.  In  this  case  the  wave  dispersion  data  is  filtered  by  zercnng  out  the 
negative  part  the  k,  spectrum  (illustrated  by  the  stop  band  in  the  figure).  A  Tukey 
window  is  used  in  the  transition  region  to  smooth  the  data.  Proceeding  with  the  processing 
as  shown  in  the  last  two  panels  of  figure  2  one  then  arrives  at  the  impulse  response  with 
waves  traveling  only  to  the  right  in  the  shell,  as  shown  in  the  center  plot  of  figure  4.  If 
one  zeros  out  the  right  half  of  the  k,  spectrum,  then  waves  traveling  only  to  the  left  are 
obtained  as  shown  in  fig.  4.  In  this  way  the  tracks  of  the  waves  can  be  analyzed  better,  and 
reflections  more  clearly  studied.  For  example,  the  left-going  waves  in  fig.  4  indicate  waves 
emanating  from  the  center  of  the  shell,  corresponding  to  an  internal  ring  discontinuity  in 
the  shell.  This  discontinuity  was  extremely  small,  and  was  not  detectable  in  the  surface 
velocity  plots  (vf(2,  ^)  »t  a  given  frequency).  Unfortunately  the  gray  scale  rendition  of 
the  wave  tracks  obscures  a  lot  of  the  details,  which  are  much  clearer  shown  in  the  color 
viewgraphs  presented  in  the  talk  corresponding  to  this  paper. 
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Figure  3-  A  example  of  the  three  kinds  of  filters  which  are  applied  to  the  data  in  the  “wave 
dispersion  domain”.  The  center  filter  provides  waves  traveling  only  to  the  right,  as 
shown  in  the  center  plot  of  fig.  4. 


Another  observation  from  fig.  4  is  the  left-going  wave  which  appears  at  the  very 
bottom  right  of  the  3rd  panel.  There  does  not  appear  to  be  any  right-going  wave  which 
causes  it.  Further  processing  uncovered  a  fast  longitudinal  wave  launched  at  <  =  0  from 
the  point  driver  and  traveling  to  the  right  with  a  nearly  horizontal  slope  (about  5000  m/s). 
When  this  wave  struck  the  right  end  of  the  shell,  it  apparently  was  converted  into  the  slow 
quasi-flexural  wave  shown  in  fig.  4.  The  details  of  the  fast  waves  are  easily  studied  from 
the  impulse  response  of  the  pressure  recorded  on  the  measurement  contour  (fig.  1),  as  will 
be  shown  in  the  lecture.  This  phenomenon  of  wave  conversion  at  the  ends  of  the  shell  is  a 
significant  one,  especially  in  light  of  the  fact  that  the  slow  wave  is  subsonic,  as  thus  is  a 
poor  radiator,  whereas  the  fast  wave  is  supersonic  and  an  efficient  radiator. 
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Figure  4-  Normal  surface  velocity  as  a  function  of  (z,  <)  for  the  n  =  0  circumferential  harmonic. 

The  drive  point  is  at  t  =  0,  ^  Lat  =  40.  The  filter  shown  in  the  middle  of  fig.  3  is 
applied  to  expose  waves  traveling  to  the  right  (center  panel)  and  a  similar  filter  to 
provide  waves  traveling  to  the  left  (right  panel).  The  dark  lines  ini  -rate  wave  tracks 
of  the  quasi-flexural  wave.  Slight  widening  of  the  tracks  is  the  result  'f  dispersion. 
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ABSTRACT 

Some  examples  of  approximate  variational  solutions  to  problems  involving 
sound  absorbiv  ducts  are  given.  More  or  less  simple  Rayleigh-Ritz  type 
formulations  are  applied  to  sound  transmission  in  ducts  -  of  various 
cross-sections  -  having  porous  bulk-reacting  liners,  and  to  sound  propagation 
in  capillary  tubes.  Comparisons  are  made  between  these  approximate  solutions, 
exact  solutions  and  experimental  data  (where  these  are  available). 

INTRODUCTION 

Exact  solutions  to  physical  problems  may,  in  some  cases,  not  exist  or  ( in 
others)  may  involve  higher  functions  that  are  difficult  to  compute.  In  such 
circumstances,  purely  numerical  solutions  to  the  governing  equations  of  the 
problem  may  be  sought,  finite  element  ( FE ) ,  boundary  element  (BE)  and  finite 
difference  ( FD )  techniques  being  examples  of  methods  that  are  fairly  widely 
used.  In  most  cases,  the  implementation  of  these  solutions  would  involve 
computer  software  packages  or  else  computer  codes  that  were  specially  written 
for  the  purpose.  In  either  case,  considerable  effort  is  likely  to  be  expended 
on  the  solution,  and  in  some  cases  the  use  of  numerical  methods  can  result  in 
a  certain  loss  of  "feel"  for  the  physics  of  the  problem.  Examples  of  numerical 
studies  in  duct  acoustics  are  the  work  of  Astley  and  Eversman  11),  who  have 
applied  a  FE  technique  to  sound  propagation  in  flow  ducts  with 
locally-reacting  liners,  and  that  of  Chang  and  Cummings  12],  who  utilized  a  “D 
method  in  perforated  tube  flow  duct  silencers  with  hydrodynamic 
nonlinearities.  There  is  a  large  body  of  published  work  describing  the 
application  of  various  types  of  numerical  technique  in  both  acoustics  and 
vibration. 

An  alternative  to  FE  methods  is  the  use  of  simpler  variational 
formulations  such  as  the  Rayleigh-Ritz  technique,  which  is  closely  related  in 
its  basic  principles  to  FE  methods,  but  is  generally  much  less  demanding  in 
terms  of  computational  effort.  Indeed,  the  least  complicated  Rayleigh-Ritz 
approaches  can  yield  approximate  solutions  in  exp.  .cit  form  (see,  for  example, 
the  paper  by  Astley  [3]),  which  can  perii.it  fairly  easy  physical 
interpretations  of  the  results.  There  are  many  problems  which  lend  themselves 
readily  to  this  type  of  treatment,  and  we  discuss  some  of  them  in  this  paper. 

GENERAL  FORMULATION 

One  of  the  attractive  features  of  a  variational  formulation  is  that  the 
governing  differential  etjuations  and  most  (or  all)  of  the  boundary  conditions 
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(b.c.s)  in  tlio  i'.oJjU'ni  implicit  in  a  single  equation.  It  the  id 

xa; iable  (whicli  may  be  the  acoustic  pressure,  the  temperature  perturbat lOi  or 
a  particle  velocity  comi-onent  )  is  denoted  y>,  and  the  prot'iem  is 
two-dimensional  in  the  (y,2)  plane,  with  being  defined  in  the  legiori  R,  ti*'-n 
a  functional  F(t<^)  may  be  defined, 

Fl(/^)  =  flf|^^,^^,^)dR,  xl) 

J  J  yy  27 

where  f'(  1  is  a  function  of  i)),  ,  that  could  I  in  principle)  also 

include  deriiatives  such  as  el  cetera.  If  F  is  minimized  w.r.t.  y),  then 

OF  =  0  .  [■^) 

This  equation  gives  rise  to  Euler  equations,  which  embody  the  governing 
differential  equations  and  the  natural  b.c.s  (which  may  or  may  not  be  the  same 
as  the  physical  b.c.s).  The  function  f(  )  may  be  chosen  to  yield  the  desired 
Euier  equations  and  natural  b.c.s.  In  the  Ray le i gh-R i t z  (R-R)  method,  a  trial 
function  i/i  is  employed, 

(|  )  =  y  a  “F  (  y ,  z  )  ,  (  d  ) 

n4i  "  " 

where  a  are  arbitrary  coefficients  and  the  functions  <t>  are  chosen  so  that 

n  n 

they  satisfy  the  physical  b,c.s  on  C,  the  boundary  of  R;  we  note  that  and  iji 
are  different  functions,  unless  ((/  happens  to  be  an  exact  solution  to  the 
governing  differential  equations,  subject  to  the  prevailing  b.c,s.  Equation 
(2)  requires  F(0)  to  be  minimized  w.r.t.  the  a  ,  that  is 

n 

dF/da^  =  0  (n=l,2 . N).  (4) 


Equation  (4)  yields  a  series  of  \  simultaneous,  homogeneous  or  inhomogeneous, 
linear  equations  in  the  cases  (respectively)  of  homogeneous  and  inhomogeneous 
governing  differential  equations.  In  the  first  case,  an  eigenproblem  results, 
from  which  the  relative  values  of  the  a  may  be  found,  and  in  the  second 

instance,  the  absolute  values  of  the  a  are  determined.  In  either  case,  the 

n 

approximate  solution  V  is  found  and  the  accuracy  of  the  approxiraat iou  usually 
improves  as  N  is  increased. 

A  RECTANGULAR  FLOW  DUCT  WITH  AN  ANISOTROPIC  BULK  LINER 


Our  first  example  of  the  use  of  Rayieigh-Ritz  methods  in  sound  absorbing 
ducts  is  a  two-dimensional  planar  sound  field  in  a  rectangular  duct  with  an 
anisotropic,  porous,  bulk  liner  placed  against  one  wall.  A  uniform  airflow 


passes  along  the  duct  as  shown  in  Figure  1.  A  fairly  simple  exact  solution 
exists  in  this  case  (see  the  more  general  analysis  of  Sormaz  and  Cummings 
[41),  and  we  may  compare  our  approximate  solutions  to  the  exact  result.  We 
seek  modal  solutions  of  the  form 

p(x,y;t)  =  exp(iut)  j  A  Y  (y)  exp(-ia  kx ) ,  (5) 

iri  ‘  ‘  ‘ 

u  being  the  radian  frequency,  k  the  acoustic  wavenumber  and  a  a  dimensionless 
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axial  wavenumber.  If  we  choose 


F(Y)  =  ll/2(l-aM)^jbf  (lY')^  -  k^I  (  l-aM)*-a^JYf)dy 
Jq  1  \ 

-h+a 

+  (p/2p  )bf  ((Y-)^  -  k^(l-a^/r^)r^  Y^ldy,  (6) 

y  J  2  »f  y  2 

where  b  is  the  depth  of  the  duct  and  0,1,1  are  the  complex  effective 

y  K  y 

density  of  the  fluid  in  the  absorbent  in  the  y  direction)  and  the  propagation 
coefficients  {in  units  of  ik)  in  the  x  and  y  directions  respectively,  the 

Euler  equations  of  this  functional  are:  (i)  the  convected  wave  equation  in 
region  1,  (ii)  the  wave  equation  in  the  absorbent,  (iii),  ( iv )  the  hard-wall 
b.c.s  at  the  duct  wall,  (v)  the  b.c.  of  continuity  of  normal  particle 
displacement  at  the  interface  between  absorbent  and  airflow  passage.  Boundary 
conditions  (iii)-(v)  are  the  natural  b.c.s,  and  constitute  all  but  one  of  the 

physical  b.c.s.  The  remaining  b.c.  is  that  of  continuity  of  pressure  at  the 

interface,  and  we  satisfy  this  by  choosing  a  trial  function  that  is  continuous 
at  y  =  h.  The  choice  of  the  trial  function  is  to  some  extent  determined  by  the 
prior  knowledge  that  Y(y)  (for  a  particular  mode)  is  a  sinuous  function  (this 
is  apparent  from  the  exact  solution,  which  involves  sine  and  cosine 
functions).  Even  without  this  information,  we  would  have  guessed  as  much,  and 
therefore  trigonometric  functions  are  appropriate  for  the  While  it  is 

perfectly  possible  to  choose  =  cosCnxy/ ( h+a )  ) ,  we  note  from  b.c.  (v)  that 

there  is  a  discontinuity  in  Y'  at  y  =  h  which  cannot  be  accommodated  by  a 
finite  number  of  terms  in  the  summation,  so  it  is  more  satisfactory  to  select 
separate  trial  functions  for  regions  1  and  2,  viz. 


.  f  B  „ 

n.T,  3,  ?. 


in{ nny^/2h )  , 


=  A  +  y  C  sinfnny  /2a), 


( 7a, b) 


where  A,  B  ,  C  are  complex  coefficients.  Equations  (1),  (6)  and  (7)  give  rise 

n  n 

to  an  eigenproblem  from  which  a  may  be  found.  The  modal  attenuation  rate  is 

i 

then  A  =  -8.6858  Im( ka^ )  dB/m  (if  SI  units  are  used);  the  axial  phase  speed  is 

given  by  c  =  u/Re(ka  )  m/s. 
p  i 


Figure  2.  Comparison  between  A  for  the  exact  solution,  x  -  ■■K  >  single, 
O  ■"  o  >  three,  ^ and  seven,  p  ■■  ■  O  ,  d.o.f.  R-R  solutions  for  the 
fundamental  ( i  =  l  )  mode  in  a  duct  with  a  fibrous  absorbent  having  steady  flow 
resistivities  of  10^  and  2x10*  SI  rayl/m  parallel  and  normal  (respectively)  to 
the  laminae  of  fibres;  a  =  h  =  100  mm;  (a),  M  =  0.1,  (b),  M  =  -0.1. 
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The  siaplest  solution  involves  s  single  degree  of  freedom  (d.o.f.),  with 
a  uniform  pressure  trial  function,  and  is  found  by  putting  B  ,  C  =  0.  A 

n  n 

quartic  equation  must  be  solved  to  find  a  if  there  is  mean  flow,  but  this 
equation  becomes  quadratic  if  M  =  0,  and  an  explicit  expression  may  therefore 
be  obtained  for  a.  Solutions  with  more  degrees  of  freedom  may  be  found  and  in 
such  cases,  we  may  cast  the  problem  either  in  the  form  of  a  determinantal 
eigenproblem  (which  may  be  solved  by  an  iterative  procedure  such  as  Newton’s 
or  Muller’s  method)  or  a  generalized  matrix  eigenvalue  problem  (which  may  be 
solved  by  a  standard  routine).  Each  method  has  its  advantages  and  drawbacks, 
but  in  the  computations  presented  here,  Newton’s  method  was  utilized. 

In  Figure  2,  comparison  is  made  between  the  exact  solution  and  three  R-R 
solutions  for  the  attenuation  rate  of  the  fundamental  mode  in  a  rectangular 
duct.  In  the  case  of  downstream  propagation  (M  =  0.1),  the  uniform-pressure 
R-R  model  gives  poor  predictions  even  at  low  frequencies,  while  the  three 
d.o.f.  model  yields  acceptable  predictions  up  to  1.8  kHz,  beyond  which  the 
predictions  become  increasingly  inaccurate  as  the  frequency  rises.  The  seven 
d.o.f.  model  gives  quite  good  results  up  to  about  3-4  kHz.  For  upstream 
propagation,  the  R-R  predictions  are  generally  better  (because  the  transverse 
pressure  distribution  is  more  uniform),  although  the  one  d.o.f.  curve  is  still 
not  adequate.  The  three  d.o.f.  model  gives  sensible  predictions,  even  up  to  8 
kHz,  and  the  seven  d.o.f.  solution  yields  good  accuracy  up  to  8  kHz.  Other 
data  (not  shown  here)  indicate  that  the  simplest,  single  d.o.f.,  R-R  model 
gives  its  best  predictions  for  ducts  with  either  large  or  small  a/h  ratios, 
for  absorbents  of  low  flow  resistivity  and  at  low  frequencies,  that  is,  where 
the  actual  transverse  acoustic  pressure  profile  is  at  its  most  uniform.  The 
general  trend  is  for  more  d.o.f.  to  produce  more  accurate  results.  In 
practical  terms,  there  is  no  reason  for  one  to  use  a  R-R  type  solution  for  a 
rectangular  duct,  since  the  exact  solution  may  readily  be  calculated,  but  in 
the  case  of  (for  example)  a  circular  duct,  there  may  be  some  advantage,  since 
Bessel  and  Neumann  functions  are  more  time-consuming  to  compute'  than  circular 
functions.  We  next  discuss  the  case  of  a  circular  geometry. 

A  CIRCULAR  FLOW  DUCT  WITH  AN  ISOTROPIC  BULK  LINER 

To  avoid  excessive  complication  in  turning  to  a  circular  geometry,  we 
examine  a  duct  with  an  isotropic  bulk  liner,  placed  against  the  wall;  the 
analysis  follows  that  of  the  rectangular  duct  very  closely.  The  trial  function 
is  essentially  similar  and  so  is  the  expression  for  the  functional,  though 
d/dy  is  replaced  by  d/dr  and  the  integrals  over  the  areas  of  regions  1  and  2 
take  on  a  somewhat  different  form.  Figure  3  shows  a  comparison  between  axial 
attenuation  rates  of  the  fundamental  mode  in  a  duct  with  a  liner  consisting  of 
an  open-celled  polyether  foam  with  a  steady  flow  resistivity  of  5  430  SI 


Figure  3.  Comparison  between  the  exact  solution  {  it—  ,  M  =  -0.197,  it - it , 

M  =  0,  > - X  ,  M  =  0.197),  single  d.o.f.  (  ^— — ^,  M  =  -0.197,  O  O  ,  M  = 

0,  o - O,  M  =  0.197)  and  three  d.o.f.  (A - A,  M  =  -0.197,  & - A,  M  =  0, 

di - 4,  M  =  0.197)  R-R  solutions  for  d  in  the  fundamental  ( i  =  l )  mode  in  a 

circular  duct  with  a  polyether  foam  liner:  inner  radius  =  19.8  mm,  outer 
radius  =  38  mm;  # ,  experimental  data  for  M  =  0. 
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rayl/m>  predicted  fro«  the  exact  theory  (which  involves  Bessel  functions  of 
the  first  and  second  kinds)  and  fro«  one  and  three,  d.o.f.  R-R  formulations. 
Numerical  data  are  shown  for  three  mean  flow  Mach  numbers:  0.  -0.197  and 
0.197;  experimental  data  are  also  showni  for  zero  flow. 

It  is  clear  from  Figure  3  that  even  the  single  d.o.f.  R-R  solution  gives 
generally  quite  fair  predictions  of  A,  though  for  M  =  0.197  the  accuracy 
deteriorates  above  about  l.S  kHz.  The  three  d.o.f.  R-R  solution  yields  results 
that  are  indistinguishable  from  the  exact  solution  at  all  frequencies  and  for 
all  three  Mach  numbers;  predicted  and  experimental  data  for  M  =  0  agree  well. 
The  more  favourable  performance  of  the  simpler  R-R  solutions  in  this  case 
results  partly  from  the  lower  flow  resistivity  of  the  foam  as  compared  to  the 
fibrous  material  and  partly  from  the  lower  frequency  range,  smaller  percent 
flow  area  and  smaller  duct  width  in  this  example. 

AN  APPROXIMATELY  ELLIPTICAL  FLOW  DUCT  WITH  A  CIRCULAR  GAS  FLOW  PASSAGE  AND  AN 
INHOMOGENEOUS  ABSORBENT 


Figure  4.  The  SAAB  silencer;  (a)  cross-sectional  geometry,  (b)  subdivision  of 
absorbent  in  the  R-R  formulation. 

This  is  the  practical  case  of  a  SAAB  automobile  silencer,  and  is  the  most 
demanding  of  those  discussed  so  far,  in  view  of  its  awkward  geometry  and  the 
inhomogeneity  of  the  absorbent.  Whereas  in  the  previous  two  cases,  exact 
solutions  have  been  available,  this  is  not  the  case  here;  partly  because  of 
the  geometry,  and  partly  because  of  the  inhomogeneous  nature  of  the  porous 
medium,  we  cannot  find  analytical  solutions  to  the  present  problem.  The 
cross-sectional  geometry  of  the  silencer  is  shown  in  Figure  4(a);  the  flow 
passage  occupies  18X  of  the  total  cross-sectional  area.  The  casing  is 
approximately  elliptical  in  cross-section  and  the  flow  passage  is  circular. 
Though  there  is  a  layer  of  very  coarse  stainless  steel  wool  and  a  perforated 
tube  immediately  within  the  periphery  of  the  flow  passage,  the  presence  of 
these  is  Ignored  since  they  would  be  expected  to  present  little  impediment  to 
the  passage  of  sound  waves.  The  absorbent  (a  basalt  wool)  was  found  to  have  a 
relatively  high  steady  flow  resistivity  (about  24  000  SI  rayl/m)  where  it  was 
thinnest,  but  a  low  flow  resistivity  (about  8  000  SI  rayl/m)  at  the  thickest 
points.  The  flow  resistivity  was  relatively  insensitive  to  the  coordinate 
direction,  and  so  the  acoustic  properties  were  taken  to  be  isotropic.  Because 
of  the  inhomogeneity,  however,  the  absorbent  was  subdivided  into  regions  of 
constant  properties.  Figure  4(b)  Illustrates  how  this  was  done.  Provided  we 
take  a  sufficient  number  of  these  regions,  the  effects  of  inhomogeneity  will 
be  adequately  taken  into  account. 

For  the  purposes  of  a  R-R  formulation,  the  sound  field  in  region  R^ 

(which  is  circular),  may  be  assumed  to  be  axisymmetric  if  only  the  fundamental 
mode  is  of  interest,  but  in  regions  R  ,  R  ,...  it  should  be  allowed  to  vary 

both  radially  and  perlmetrally .  These  regions  were  chosen  to  be  radial 
segments,  and  a  radial  variation  in  the  trial  function  for  sound  pressure  was 
permitted,  though  the  perimetral  variation  was  suppressed.  The  trial  function 
was  axisymmetric  -  with  two  d.o.f.  and  a  form  similar  to  that  in  equation  (7» 

-  in  R  ,  and  continuous  at  the  interface  between  flow  passage  and  absorbent. 

0 


Separate  two  d.o.f.  trial  functions  (like  those  In  equation  (7b))  were  allowed 
In  the  sub-regions  of  absorbent;  the  coefficient  A  was  coaaon  to  all  regions 
(Including  the  flow  passage),  ensuring  continuity  of  sound  pressure  at  the 
interface,  but  the  coefficients  of  the  quarter-sine  function  differed  between 
segments.  Because  a  perimetral  pressure  discontinuity  existed  between  segments 
in  the  trial  functions,  natural  b.c.s  of  continuity  of  pressure  and  normal 
particle  displacement  between  segments  were  required,  in  addition  to  the 
natural  b.c.s  of  the  rectangular  duct  problem.  A  more  complicated  functional 
is  required  here,  and  has  the  form 


F(p)  =  l/[2(l-aM)^jJJ  -  k^((l-aM)^-a=')p^}dRjj 

“o 

-  k^Aa^)p^|dR,  .  jj^e^(p^^,-pJdC^.  (8) 


where  f  is,  a  priori,  the  dimensionless  propagation  coefficient  (the  same  in 
all  coordinate  directions  in  this  problem),  7^  is  the  two-dimensional 

Laplacian  operator  on  the  duct’s  cross-section,  is  the  effective  density,  p 

is  the  transverse  spatial  factor  in  the  sound  pressure  field  and  £  is  the 
acoustic  particle  displacement  normal  to  the  boundaries  between  segments.  This 
functional  has  all  the  required  natural  b.c.s.  Because  appears  in  the 

functional  together  with  p,  it  too  has  to  be  allotted  a  trial  function  in  each 
segment,  and  a  single  quarter-sine  curve  (zero  at  the  interface  and  maximum  at 
the  wall)  was  chosen;  the  arbitrary  coefficients  appearing  in  these  trial 
functions  differed  between  segments.  It  should  be  noted  that  the  pressure 
trial  function  does  not  satisfy  the  hard-wall  boundary  condition,  but  this  is 
unimportant,  since  this  requirement  is  catered  for  by  one  of  the  natural 
b.c.s.  For  the  fundamental  mode,  symmetry  permits  the  solution  of  only 
one-quarter  of  the  sound  field  in  the  duct,  the  natural  b.c.  of  zero  normal 
pressure  gradient  along  the  dividing  lines  between  this  region  and  the  other 
three  being  physically  correct.  There  are  N  segments  of  absorbent,  and  the 
total  number  of  d.o.f.  in  the  problem  is  2N't'l.  The  actual  formulation  was 
carried  out  for  an  anisotropic,  inhomogeneous  liner,  though  the  former  feature 
has  so  far  proved  to  be  unnecessary  in  this  particular  problem.  For  higher 
order  modes  to  be  resolved  accurately  by  the  above  formulation,  subdivision  of 
the  flow  area  into  segments  (as  with  the  absorbent  in  this  case),  together 
with  more  degrees  of  freedom  per  segment,  would  prove  necessary. 


Figure  5.  The  SAAB  silencer:  predicted  and  measured  A;  (a),  MsO,  (b),  M=0.13; 
O  O ,  ^  '  gk,  1,  13,  d.o.f.  R-R  formulations;  •,  measured  data. 

Single  d.o.f.  (with  a  uniform  trial  function  for  p  only)  and  13  d.o.f. 
R-R  predictions  for  A  of  the  fundamental  mode  in  the  SAAB  silencer  are  shown 
in  Figure  5,  for  two  flow  Mach  numbers.  No  exact  solution  can  be  plotted,  but 
experimental  data  are  shown  Instead.  Agreement  between  the  13  d.o.f.  curves 
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and  measurements  is  good.  The  1  d.o.f  prediction  for  zero  flow  is  fair  because 
of  the  small  open  area  fraction,  but  rather  poor  for  M=0.13  because  of  the 
less  uniform  sound  pressure  profile  in  this  case. 

SOUND  PROPAGATION  IN  A  CAPILLARY  TUBE  OF  ARBITRARY  CROSS-SECTION 

Here  we  consider  a  uniform  narrow  tube  of  arbitrary  cross-section, 
containing  a  viscous,  heat-conducting  fluid.  In  the  simplified,  uncoupled, 
problem,  the  linearized  Navier-Stokes  (N-S)  equation  for  parallel  flow  and  the 
linearized  energy  equations  turn  out  to  be  isomorphic  (see  Stinson  |5J),  with 
the  form 

(V^-  iu/ri)Ki  =  -iu/r),  (9) 


where  =  (op/ip)u,  q  =  u  in  the  N-S  equation,  «>  =  (pC  /p)T,  rj  =  p/Pr  in  the 

P 

energy  equation,  p  is  the  sound  pressure  (assumed  uniform).  X  the  axial 
wavenumber,  u  the  velocity  perturbation,  C  the  specific  heat  ratio,  p  the 

kinematic  viscosity,  Pr  the  Prandtl  number  and  T  the  temperature  perturbation. 
The  b.c.  in  both  the  thermal  and  viscous  problems  is  i)i  =  0  on  C  (the  boundary 
of  R,  the  cross-section).  A  variational  functional, 

F(i|i)  =  (1/2)JJ  lYjV'YtV  -  (  i2u/n)^(JdR,  (10) 

R 

may  be  defined,  and  has  equation  (9)  as  one  of  the  Euler  equations,  though  the 
other  is  the  natural  b.c.  3(p/3n  s  0  on  C  (n  being  the  normal  to  C),  which  is 
not  the  physical  b.c.  A  forced  b.c.  is  Imposed  by  ensuring  that  the  trial 
function  has  i(i  =  0  on  C,  in  which  case  *  0  on  C.  The  cross-section  may  be 
split  up  into  triangular  elements,  all  with  one  vertex  at  a  central  point  in 
the  tube,  C  thereby  being  approximated  by  a  series  of  line  segments.  In  each 
element,  a  coordinate  is  specifiedi  running  from  the  centre  normally  to  the 
opposite  side  and  is  assumed  to  vary  (within  the  element)  only  in  this 
direction.  Clearly,  must  have  the  same  value  in  all  elements  at  the  centre, 
and  be  zero  at  the  wall.  At  low  frequencies,  a  single  d.o.f.  parabolic  trial 
function  may  be  employed,  v  =  Ad-^)  (C  being  the  dimensionless  coordinate); 
at  high  frequencies,  if)  is  put  equal  to  the  constant  A  for  OsCsl-6/L,  6  being 
t(ie  VISCOUS  or  thermal  boundary-layer  thickness  ( as  appropriate )  and  L  the 
distance  from  the  central  point  to  the  base  of  the  triangular  element,  and  is 
given  a  linear  fall-off  to  zero  for  1-6/LsC^l. 


Figure  6.  A  in  a  square  section  tube  of  side  0.2  mm:  if— y  , 

A - O - 0>  low,  high  frequency  1  d.o.f.  R-R  solutions; 

and  Hildebrandt’s  isothermal  FE  solution  16). 


exact  solution; 
^ ^  ,  Craggs’ 


In  Figure  6,  the  low  and  high  frequency  R-R  predictions  for  a  squar- 
section  tube  are  compared' to  the  exact  solution  (see  reference  [5])  and  to 
an  FE  solution  to  the  viscous  problem  by  Craggs  and  Hildebrandt  (6)  (in  which 
the  assumption  of  an  Isothermal  process  was  made).  The  R-R  data  compare 


favourably  to  the  exact  reauit;  the  FE  predictions  agree  weii  with  the  exact 
solution  at  low  frequencies  (where  the  isotheraal  solution  would  be  valid), 
but  -  as  expected  -  are  in  error  at  higher  frequencies.  The  1  d.o.f.  R-R 
method  produces  simple  explicit  expressions  for  h  both  at  low  and  high 
frequencies,  even  for  cross-sectional  geometries  that  do  not  permit  analytical 
solutions. 

DISCUSSION 

It  has  been  shown  that  even  quite  simple  R-R  solutions  to  sound  fields  in 
dissipative  ducts  can  yield  results  that  are  sufficiently  accurate  for 
practical  purposes.  The  method  is  attractive  because  of  its  considerable 
versatility;  it  can  be  used  on  awkward  geometries  where  analytical  solutions 
are  impossible,  and  is  used  to  best  advantage  with  relatively  few  d.o.f., 
since  excessive  complication  would  render  a  full  FE  solution  more  appropriate 
in  many  cases. 
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ABSTRACT 


Coaplete  solutions  for  Junctions  between  several  guides  can  be 
found  by  using  nodal  expansion  and  natriclal  fomallsn.  Thus  exact  analysis 
of  nodes  of  an  acoustic  lattice  can  be  nade.  In  the  case  of  a  perforate 
tube  nuffler,  this  approach  leads  in  two  steps  (calculation  of  Junction  and 
lattice  analysis]  to  physical  interpretation  of  practical  interest. 

INTRODUCTION 

Propagation  of  acoustic  waves  in  ducts  of  slnple  shape  is  well 
known,  even  when  dissipation  or  nean  flow  occurs.  Nevertheless,  propagation 
in  a  lattice,  or  network,  of  ducts  Is  a  relatively  new  topics  for  research. 
The  analysis  of  this  problen  can  be  divided  into  two  parts:  the  calculation 
of  the  effect  of  Junctions  of  tubes,  and  the  study  of  the  properties  of  the 
lattice.  The  probles  of  a  general  lattice  can  be  considered  and  solved  , 
using  for  example  methods  of  condensed  matter  physics  (see  e.g.  ref  [1]). 
Here  the  discussion  is  restricted  to  a  problem  of  great  practical  Interest, 
l.e.  the  perforated  tube  muffler.  Our  interest  lies  both  in  a  precise 
description  of  perforations  and  in  a  physical  interpretation  of  the 
propagation  in  such  a  muffler. 

Several  approaches  have  been  used  for  solving  the  problen:  in 
general  the  effect  of  the  perforation  Is  assumed  to  be  described  by  a  shunt 
inductance  (at  low  levels),  but  this  inductance  is  not  calculated.  We  show 
that  a  complete  solution  of  the  Helmholtz  equation  by  using  nodal  expansion 
allows  to  calculate  this  inductance,  to  show  that  there  is  another  (series) 
inductance  and  to  obtain  the  result  in  a  form  leading  to  a  simple 
interpretation  of  the  lattice  modes. 

MODELLING  A  JUNCTION  USING  WDM.  THEORY:  GENERAL  APPROACH 

Classically  a  perforation  or  a  diai^agm  or  zero  thickness  can  be 
regarded  as  a  guide  of  zero  length.  Thus  nodal  decomposition  can  be 
nade  both  in  the  perforations  and  in  tlie  guides  (the  internal  and  the 
external  ones):  problems  occur  with  t)ie  truncation  of  matrices  (see  e.g. 
Mittra  and  Lee  (2)  or  Vassallo  (3)),  but  the  method  can  be  very  useful. 

Consider  a  Junction  between  several  guides  (see  fig. 1) 
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Fig. 1:  Junction  between 

several  guides 


The  Junction  can  be  firstly  described  as  an  n.m(i)  port  network, 
where  m(i)  is  the  number  of  modes  considered  in  guide  i  (see  e.g.  Jones 
[4]  or  Kergomard  (Si).  If  the  Junction  is  sufficiently  far  from 
discontinuities  ,  or  sources,  in  each  guide,  the  termination  of  the  ports 
corresponding  to  evanescent  modes  is  closed  on  their  characteristic 
Impedance.  The  distance  condition  is  that  the  ratio  l/d  is  sufficiently 
large,  where  I  and  d  are  the  length  and  the  transverse  dimension  of  the 
guide,  respectively.  Thus  it  is  possible  to  reduce  the  order  of  the  network 
to  n. p(i),  where  p  is  the  number  of  propagating  modes  in  guide  i  at  the 
considered  frequency. 

The  Junction  being  passive,  the  most  simple  method  in  order  to 
obtain  the  Impedance  matrix  (see  e.g.  Cotte  (61)  of  the  n. m  port-network  is 
to  use  the  wave  equation  in  its  integral  form,  thus: 

P  ■  Z  U  (1) 

where  P  and  U  are  pressure  and  velocity  (multiplied  by  the  area’S)  vectors, 
respectively,  (of  dimension  n. m),  considered  the  output  surface  of  the 
guides  and  Z  the  impedance  block- matrix  given  by; 

‘'ij  ■  L  L  '“i 

1  J 

where  Z^j  is  a  matrix  of  order  (m(i),  m(J)),  G  is  the  Green  function  of  the 

closed  cavity,  limited  by  the  output  surfaces  of  the  guides  ,  and  0  the 
dimensionless  elgenmodes  vector  defined  as  follows; 


[  ((F  dS  =  S  1. 

'S 

Here  1  is  the  unit  matrix  .  w  is  the  angular  frequency,  and  p  the 
gas  density.  At  low  frequencies,  only  the  plane  mode  propagates  in  each 
guide,  the  characteristic  impedance  of  the  evanescent  modes  is  inductive, 
and  the  problem  is  solved  by  the  determination  of  the  square  matrix  of  the 
Junction,  of  order  n.  By  decomposing  the  Green  function  on  the  elgenmodes 
of  the  cavity,  one  can  show  that  this  matrix  involves  a  capacitance, 
corresponding  to  the  compressibility  of  the  gas  contained  in  the  cavity, 
l.e.  to  the  uniform  mode  of  the  cavity,  and  inductances,  corresponding  to 
the  coupling  between  the  higher  modes  of  the  cavity  and  both  the  plane 
modes  and  the  evanescent  modes  of  the  guides  (by  neglecting  the  evanescent 
modes  one  obtains  the  classical  plane  piston  approximation;  see  e.g.  for 
the  case  of  an  expansion  chamber  Ih  and  Lee  [7]). 
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MODELLING  THE  JUNCTION:  THE  CASE  OF  THE  PERFORATION  IN  A  MUFFLER 


Fig. 2:  shema  of  a  perforation 
between  two  guides 


Fig. 3:  equivalent  circuit 

for  the  (ABCD)  matrix 


In  figure  2  is  shown  a  simplified  schema  for  perforation  in  a 
perforated  tube  muffler.  The  first  step  of  the  calculation  is  concerned 
with  the  Junction  between  one  guide  (left  and  right  sides)  and  the  hole. 
This  Junction  is  a  particular  case  of  a  Junction  between  three  guides.  This 
problem  is  classical  and  was  solved  by  some  authors.  The  above  described 
method  is  not  well  adapted,  it  is  more  simple  to  use  the  Green  function  of 
the  infinite  tube.  Of  course  the  integral  formulation  is  modified:  Lapin 
[81  or  Keefe  [9]  used  the  integral  equation  by  considering  the  plane  mode 
existing  without  branch  as  a  volume  source.  Leppington  [10]  prefered  to 
consider  the  plane  modes  on  the  two  sides  of  the  hole  as  boundary  sources. 
With  the  same  idea,  we  solved  the  problem  of  the  Junction  between  three 
guides  and  obtained  the  general  shape  of  the  equivalent  circuit  at  low 
frequencies  [11].  The  circuit  involves  five  lumped  elements  and  a 
transformer. 

It  is  possible  to  apply  the  same  method  for  a  perforation  between 
two  guides.  If  one  notes  p  ,  p  ,  p  ,  p  the  plane  mode  pressures  on  the 

1  Li  21*  IR  2R 

left  and  right  sides  of  the  hole,  respectively,  and  v  ,  v  ,  v  ,  v  the 

1 L  2L  1 R  2R 

the  plane  mode  velocities,  one  obtains  the  two  following  equations: 
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In  these  equations,  the  plane  mode  quantities  are  considered  in 
the  abcissa  corresponding  to  the  center  of  the  hole.  The  elements  A,  B,  C, 
D,  correspond  to  the  equivalent  T-circult  shown  in  figure  3,  where  the 
inductances  L^  and  L  are  given  by  the  following  expressions: 


699 


JuL 


.  -  I  ^ 

1  2 

JwL  -  -  i  JwL^  ♦  JuLg 
S  +  S 
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^  «,  *  2,r‘  « 


(3) 


The  vectors  a  and  fi  and  the  aatrices  Z^and  Z^  are 
foilwing  formulae: 

a  <■  g  I  cos  kz  ^  dS  ;  ^  *  §  |  ^ 

Z  -  JJie  f  [  (^r(r)  Re(G.  (r.r’))  ‘^(r*)  dS  dS*. 

*  S  h  'S  * 


given  by 


(4) 


the 


S  Is  the  area  of  the  perforation,  #  the  elgenmodes  vector  of  the 
perforation,  1  >  1  or  2,  Re(G)  the  real  part  of  the  Green  function  of  the 
Infinite  guides,  and  z  the  longitudinal  coordinate.  The  Green  function  can 
be  easily  calculated  by  using  a  decomposition  on  the  elgenmodes  of  the 
Infinite  guides.  In  these  expressions,  we  assume  for  simplicity  that  the 
hole  Is  symmetrical  with  respect  to  a  plane  perpendicular  to  the  z-axes  of 
the  guides.  Thus  the  two  Indices  a  and  s  correspond  to  the  two  kinds  of 
modes  In  the  hole:  the  antlsymmetrlcal  modes,  and  the  symmetrical  modes 
(Including  the  plane  one),  respectively. 

We  notice  that  the  classical  modelling  of  perforate  tube  muffler 
[IZ]  omits  the  antlsymmetrlcal  term.  Keefe  [9]  remarked  that  the 
Inductance  L  ^  Is  negative.  Concerning  the  calculation  of  the  Inverse 

matrix  of  (  Z^  and  Z^  ),  a  variational  calculation  Is  often  sufficient 

(see  Schwinger  and  Saxon  [13]  or  Keefe  [9]).  Nevertheless,  by  considering 
the  hole  as  a  limit  of  a  guide  of  finite  length,  It  Is  possible  to 
calculate  this  matrix  by  using  a  double  perturbation,  the  zeroth  order  term 
being  the  plane  piston  appoxlmatlon,  the  first  perturbation  Is  the  result 
for  a  guide  of  Infinite  length,  and  the  second  the  result  for  a  guide  of 
zero  length.  This  method  was  used  for  the  calculation  of  the  Inductance  of 
a  diaphragm  of  zero  thickness  In  a  guide  (see  ref.  S). 

Of  course,  the  modal  decomposition  is  possible  only  for  particular 
geometries.  As  an  example,  using  the  two  kinds  of  Bessel  functions,  the 
exact  calculation  for  a  concentric  perforated  tube  muffler  is  possible. 
Nevertheless,  the  power  of  the  present  method  is  to  obtain  an  exact  form  of 
the  equivalent  circuit  for  any  geometry,  even  when  frequency  Increases. 
The  elements  of  the  circuit  can  be  determined  by  numerical  computation 
(e.g.  F.  E.  M. )  or  by  experiment. 

LATTICE  ANALYSIS;  THE  CASE  OF  A  PERFORATED  TUBE  JWFFLER 

With  the  above  results.  It  Is  now  possible  to  analyse  the  wave 
propagation  In  a  given  lattice.  Some  authors  (see  e.g.  Peat  [14],  Munjal 
[ISD  tried  to  obtain  a  decoupled  approach  of  the  perforate  tube  mufflers, 
by  using  the  simple  model  Ignoring  the  antlsymmetrlcal  modes,  by 
calculating  the  diagonal  matrix  of  fourth  order  .  We  see  here  that  the 
modal  calculation  leads  directly  to  this  decoupled  approach,  even  for 
Irregular  perforations.  As  a  matter  of  fact,  the  two  above  matrlclal 


700 


equations  (  2),  are  the  two  subaatrices  of  the  required  fourth  order 
matrix  .  The  diagonal  matrix  Is  unnecessary,  the  form  (2)  defines  directly 
the  two  lattice  modes,  and  are  easily  extended  to  a  portion  of  muffler 
with  several  perforations.  Between  two  successive  perforations,  the  plane 
mode  transfer  matrices  are  Identical  for  the  two  lattice  modes,  they  are: 


cos  k<  pcj  sin  kf 

(pc)'*J  slnkf  cos  k£ 

Here  t  Is  the  distance  between  two  perforations  .The  condition  of 
validity  of  this  matrix  for  both  modes  is  that  the  propagation  constant  is 
the  same  In  the  two  guides,  l.e.  the  temperature  Is  the  same.  Thus  the 
Interpretation  of  the  lattice  modes  is  very  clear:  the  first  one  Is  the 
plane  mode  which  exists  without  perforation.  and  can  be  called  the 
"expansion  chamber  mode"  .  The  second  one  is  a  mode  In  a  cylindrical  tube 
with  perforations,  like  a  musical  wind  instrument  with  open  side  holes. 
This  mode  can  be  called  the  "flute"  mode.  In  the  case  of  regular 
perforations,  Benade  (16)  showed  that  this  mode  is  evanescent  at  low 
frequencies,  and  propagating  and  high  frequencies,  above  a  certain  cutoff 
frequency. 

CONCXUSION:  TRANSMISSION  THROUGH  A  PERFORATED  TUBE  MUFFLER 

It  remains  to  analyse  the  transmission  through  a  perforate  tube 
expansion  chamber.  Below  the  cutoff  of  the  flute  mode,  the  effect  of  this 
mode  is  only  a  kind  of  length  correction  to  the  Input  and  output  of  the 
expansion  chamber,  l.e.  a  small  shift  In  the  resonance  frequencies.  The 
cutoff  Increasing  when  the  perforations  becoBie  nearer,  one  understands  why 
the  effect  of  the  perforated  tube  in  the  muffler  Is  very  small  at  low 
frequencies,  as  It  is  well  kwown  by  engineers.  Above  cutoff,  the  effect  of 
the  flute  mode  Is  very  Important,  and  Ignoring  the  perforate  tube  Is 
Impossible.  We  notlve  that  for  a  small  number  of  perforations,  the  effect 
of  the  flute  mode  can  be  Important  even  below  cutoff:  this  effect  Is  the 
well  known  tunneling  effect. 

As  a  conclusion,  modal  theory  with  matrlcial  formalism  allows  to 
obtain  both  the  most  simple  exact  description  of  a  perforation  between  two 
guides  and  the  Interpretation  of  the  properties  of  a  perforated  tube 
silencer  in  terms  of  lattice  modes.  This  practical  result  can  be  extended 
in  order  to  take  into  account  the  effect  of  losses.  Concerning  the  effect 
of  mean  flow,  the  modal  analysis  of  the  Junction  Is  valid,  but  the 
propagation  constant  can  be  different  In  the  two  guides,  then  the 
interpretation  of  the  lattice  modes  Is  less  simple.  Nevertheless,  for  small 
Mach  numbers,  a  perturbation  calculation  allows  to  use  the  above  results  as 
zeroth  order  results,  and  the  Interpretation  remains  valid  at  least  In  a 
qualitative  sense.  Concerning  the  Interaction  of  close  spaced  perforations 
through  evanescent  guide  modes,  a  further  investigation  is  needed. 

Finally,  at  our  mind,  this  analytical  approach  is  very  useful  for 
physical  interpretation.  An  alternative  method  leading  to  relatively  simple 
numerical  computation  is  the  method  of  Stredullnsky  et  al  [17]  or  Eversman 
(18),  mixing  FEM  for  Junctions  and  transfer  matrices  for  simple  pipes. 
Moreover,  our  analysis  Is. limited  to  linear  cases,  we  notice  that  nonlinear 
methods  exist,  e.g.  the  method  of  Chang  and  Cummings  [19],  or  the  method  of 
Morel  et  al  120]  . 
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ABSTRACT 

To  include  reflected  wave  contributions  in  the  sound  pressure  level  prediction  of  air  ducts  at 
lower  frequencies,  the  acoustic  driving  wave  pressure  amplitude  of  each  port  and  the  coherence 
between  them  as  the  acoustic  active  properties  besides  the  complex  pressuie  reflection  and 
transmission  factors  for  each  port  as  the  passive  properties  of  a  component  are  employed. 
Experimental  and  numerical  determination  methods  and  their  application  results  to  a  duct 
network  are  presented.  Especially  a  two-step  determination  method  and  undesired  microphone 
signal  suppression  techniques  under  airflow  has  been  develof>ed. 

INTRODUCTION 

In  HVAC  sound  prediction  for  frequencies  below  few  hundreds  Hz  is  most  important  in  the 
building  space  design  stage,  because  of  its  large  space  requirement  of  roughly  a  half  wave  length 
dimensions  for  sound  treatment  whose  installation  cannot  be  allowed  after  this  design  stage.  The 
calculation  method  which  is  most  widely  used  in  the  area  is  of  ASHRAE  [1]  by  means  of  the 
energy  transmission  loss  summation  of  the  components  in  series  trom  the  source  towards  the 


Fig.  1 .  Test  arrangement  and  definitions  for  two-step  acoustic  property 
determination  of  a  duct  component. 
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location  of  interest.  This  method  disregards  the  reflected  wave  contributions  of  every 
components  and  frequently  gives  under-estimation  by  about  10  dB  in  octave  band  SPL.  Recent 
developments  of  computers  and  signal  processing  techniques  have  ability  to  realize  to 
implement  the  complex  sound  pressure  calculation  instead  of  the  sound  energy  calculation  to 
regain  the  reliability  of  the  prediction.  In  this  line,  a  semi-complex  sound  pressure  expression  of  a 
sound  source  component,  improved  determination  methods  and  a  synthesis  method  of  the 
component  properties,  and  some  realistic  applications  of  them  are  presented. 


ACOUSTIC  EXPRESSIONS  OF  A  DUCT  COMPONENT 

Interface  Acoustic  Expressions  for  a  Component 

Taking  a  interface  in  a  plane  wave  region  of  every  straight  duct  as  shown  in  Fig.l  for  a  two- 
port  (K=I,  II)  coherent  source,  the  relationships  between  the  complex  pressure  amplitudes  of 

outgoing  and  incoming  waves ,  Pk  and  P^,  the  characteristic  reflection  and  transmission  factor,PK 

and  ) ,  and  transmission  factor,  the  driving  wave  pressure,  ‘k  are  given  [23]  as; 
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Load-side  Reflection  Factor 

The  the  outgoing  and  incoming  waves  of  the  wave  number  of  k  can  be  detected  through  the 
load-side  reflection  factor,  ,  by  measuring  the  transfer  function,  ,  of  two  locations, 
and  ,  as  shown  in  Fig.l.,  by  using  following  relationships  [4]; 

Pk  =  Pk/(1+Rk).  and  p;=RkP;^  (2) 

RK=[exp{-jk(xK  -XK)l-HKK  l/  [H^k -exp [  jkfx^  - x^) )  ]  O) 


Ensemble  Average  Expression  of  a  Source  Component 

Taking  the  ensemble  average  of  Eq.(l)  to  include  partial  coherent  sources,  we  have 
a  pair  of  semi-complex  sound  pressure  expressions  as; 
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where  the  following  property  expression  and  complex  coherence  factors  are  introduced; 
'nii=f“PiRi/  ^ii“^~PiKi  =  'nn“~'*ii^i  and 
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n}';’ =<(fr)»fj>/ and  =<(?;>* pj>/ (lpr||p;l) 


(6) 


The  absolute  symboK  I  I )  and  angle  brackeKo)  attached  values  are  of  ensemble  averaged.  By 
using  Eq.(2),  we  have 


1pJ1=|px|/|i  +  Rx| 

(8) 

p<V’={|i  +  Ril/(i  +  Ri)‘l{|i  +  Rs|/(i  +  Ri))  pW 

(9) 

pS*  =<(pi)*Pi  >/  (|pi|1pi|) =2sS>/(1p,i|p,|) 

(10) 

EXPERIMENTAL  DETERMINATION  OF  ACOUSTIC  PROPERTIES  OF  A  COMPONENT 

A  two-step  determination  method  [2^]  of  the  characteristic  passive  and  active  acoustic 
properties  of  a  sound  source  component  under  air  stream  have  been  introduced  instead  of  the 
ane^oic  termination  method  [5]  and  the  multiple-load  methods  [6,7]. 

Passive  Acousric  Property  Determination 

The  passive  property  is  determined  first.  Superposing  an  external  test  signal  ( from  J-th 
port  side,  for  J=  I  and  II  in  turn)  incoherent  with  the  primary  sound  source,  the  outgoing  and 

(e,H  n'*I^ 

incoming  plane  wave  pressures,  and  ,  coherent  with  the  signal  ,  can  be  observed. 
The  unknown  passive  properties  can  be  determined  by  solving  Eq.(ll),  which  can  be  derived 

from  Eq.(l)  disregarding  the  driving  pressure  terms  incoherent  with  the  test  signal  ; 
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To  extract  the  acoustic  pressures,  and  Pk'  ,  from  the  microphone  pressures,  "k  and 
,  contaminated  by  the  the  primary  source  and  flow  induced  noise,  Eq.(12)  was  employed; 

PK’’  =  2Sl*//|e,| ,  and  ,  J  =  l,ll 

where  ®  J  "k  '  is  the  cross-spectrum  between  and  contaminated  pressure 

(C|) 

By  replacing  and  \fy  Pk  and  in  Eqs.(2)  and  (3),  ,  Pk  ^  and  Px  can  be  observed. 


Fig.  2.  Flow  induced  microphone  noise  suppression  by  an  indirect  cross- 
spectrum  measurement 
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In  which  the  two  additional  microphones,  numbered  3  and  4  are  employed  as  shown  in 
Fig.l.These  additional  microphones  are  positioned  far  from  each  other  in  comparison  with  the 
correlation  length  of  the  turbulence.  As  seen  in.Fig.2,  the  difference  between  the  indirectly 
extracted  pressure  and  the  acoustic  pressure  is  within  a  few  dB  when  the  acoustic  pressure  is  less 
than  the  flow  induced  fluctuation  pressure  by  10  dB  [2]. 


Wf 


Fig  .3  and  4.  shows  the  acoustic  properties  of  fans  under  operation  determined  by  the  two- 
step  method  by  using  the  experimental  setup  illustrated  in  Fig.l.  The  properties  are  evaluated  at 


the  source  side  discontinuity,  *  TO  ,  of  the  straight  duct,  extending  the  data  from  that  at  the 
measured  stations,  by  using  the  loss  free  plane  wave  model. 

For  the  mixed  flow  fan  (Fig.3),  the  transmission  factors  under  operation  (Mach  number  of 
0.01)  are  still  reciprocal  in  magnitude.  For  the  centrifugal  blower  (Fig.4),  the  reciprocity  of  the 
transmission  factor  under  operation  (Mach  number  of  0.05)  does  not  hold.  For  both  fans  tested, 

the  driving  wave  pressure  magnitudes  towards  both  sides  are  roughly  similar.,  *  . 


a)  Magnitude  of  the  passive  properties.  c)  Magnitude  of  the  driving  wave  pressures. 


b)  Phase  of  the  passive  properties.  d)  Coherence  between  the  driving  wave  pressures. 

Fig.3.  Acoustic  prcxierties  of  a  semi-axial  fan  in  operation,  at  mean  airflow 
velocity  of  3.8  m/s. 
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NUMERICAL  DETERMINATION  OF  PASSIVE  ACOUSTIC  PROPERTIES 


For  few  HVAC  duct  components,  their  characteristic  reflection  and  transmission  factors  are 
available  for  both  acoustically  passive  and  active  components.  Fortunately  most  passive  property 
of  HVAC  duct  components  will  be  determined  by  using  the  numerical  approaches  such  as  FEM 
and  BEM,  as  far  as  the  stream  eflects  can  be  negligible. 

Straight  Section  Length  for  Plane  Wave  Interface 

The  transmission  losses  of  the  double  elbows  are  shown  in  Fig.5.  CPM  stands  for  the  the 
semi-complex  sound  pressure  method  in  which  the  active  property  terms  are  omitted  in  Eq.(4), 
instead  EGM  stands  for  the  energy  transmission  loss  method  in  which  both  the  active  property 
and  interference  terms  are  omitted  in  Eq.(4).  There  is  some  upper  limit  in  the  Helmholtz  number 
,  kW/x,  to  be  able  to  obtain  a  combined  section  property  from  its  sub-divided  component 
properties.  To  apply  plane  wave  approximation,  there  must  be  some  region  of  section  with 
imiform  pressure.  To  achieve  this  up  to  the  Helmholtz  number  of  0.95  beneath  the  first  cross¬ 
mode  cut  on  of  the  the  straight  section  between  two  sub-divided  components,  the  straight  duct 
length  is  required  longer  than  roughly  four  times  its  cross  sectional  dimension[8,9]. 

Branch  Takeoffs 

For  branch  takeoffs,  the  transmission  coefficient  is  dealt  equal  to  the  ratio  of  the  sectional  area 
of  the  particular  branch  to  that  of  all  the  branches  and  the  reflection  factors  are  zero  in  ASHRAE. 
As  seen  from  Fig.6.  [9],  this  may  leads  to  a  large  error  since  grate  many  branch  takeoffs  are  usually 
installed  in  a  HVAC  duct  network. 

A  Component  Including  Sound  Absorbent  Materials 

Fig.7  shows  the  transmission  loss  of  an  expansion  chamber  which  include  absorbent 
materials.  BEM  combined  with  the  sub-structure  procedure  and  the  characteristic  properties  in 
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Fig.  7.  A  BEM  substructure  model 

of  an  expansion  chamber  with  urethane-foam. 


Fig.  8.  Sound  predictions  of  a  duct  network. 


0  c 

terms  of  the  effective  sound  velocity  and  the  effective  density  of  the  acoustic  material,  and  * 
(10 ,11],  gives  good  results  in  contrast  to  the  analysis  by  the  normal  impedance., 

ACOUSTIC  PREDICTION  OF  A  HVAC  DUCT  NETWORK 

Ixiad-Side  Reflection  Factor  Calculation  . 

To  calculate  the  soimd  pressure  level  at  a  desired  position  using  the  acoustic  properties  of 
the  sub-divided  components,  a  classic  but  simple  synthesis  procedure  [9]  is  presented  here. 

For  the  j-th  acoustically  passive  component  in  the  load-side  duct  network  of  an  active 
component  port,  an  expression  (14)  and  its  explicit  solutions  (15),  (16)  and  (17)  intr^udng  the 

source-side  reflection  factor  and  load-coupled  transmission  factors,  andTa  ^  defined 
as  Eq.  (18),  is  given  for  a  three-port  component  instead  of  Eq.(l)  for  general  explanation,  as; 
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Giving  the  tenninal  side  reflection  factors, 

source  component  in  turn,  *'•  ,  *  •  *  ■  of 

Eqs.{15),  (16)  and  (17). 


R,’  andRV  ^  from  the  terminal  towards  the 
every  component  can  be  determined  by  using 


Acoustic  Connection  of  A  Source  Component  to  Its  Loads 

Using  the  load-side  reflection  factor,  determined  above  and  the  active  and  passive 

acoustic  properties  of  the  source  component,  the  traveling  wave  pressure  magnitude  of 
every  port  of  the  source  component  can  be  obtained  by  applying  Eq.(5).  Then  the  sound  pressure 

magnitude  of  a  given  location  can  be  calculated  applying  *  of  Eq.(18)  from  the  source 

towards  the  terminal  in  turn. 


Predicted  and  Experimental  results 

Fig.8  shows  the  5  Hz  band  power  level,  PWL(5),  of  the  arriving  wave  at  the  terminal  IV  of  an 
1/5  scale  model  of  a  middle  scale  duct  network  as  shown  in  the  figure.  The  semi-axial  fan  shown 
in  the  previous  section  was  used  as  the  source  component.  The  active  property  of  this  fan  under 
operation  was  measured  again  directly  in  this  duct  network.  For  the  passive  properties,  the 
numerically  determined  properties  were  used  in  the  semi-complex  pressure  coupling  method 
(CPM),  instead  the  data  of  ASHRAE  were  used  [1]  in  the  sound  energy  transmission  method 
(EGM-ASHRAE).  The  agreement  of  the  present  method  (CPM)  with  measurement  is  good. 

SUMMARY 


For  acoustic  predictions  of  HVAC  duct  networks,  fundamental  effectiveness  of  a  two-step 
method  for  the  passive  and  active  acoustic  property  determination,  FEM  and  BEM  approaches  for 
the  passive  property  determination  of  an  air-duct  component  and  a  semi-complex  sound 
pressure  synthesis  method  for  a  duct  network  acoustic  prediction  has  been  presented.By  applying 
these  methods  and  properties  to  an  about  1/5  scale  model  of  a  middle  scale  duct  network,  the 
sound  pressure  prediction  agrees  fairly  well  with  measurement. 
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Flow  ducts  are  widely  used  in  industrial  plants  and  internal  combustion  engine  exhausts. 
High  levels  of  acoustic  energy  may  propagate  inside  the  duct  system,  owing  to  existing  noise 
sources  and  to  internally  generated  noise,  which  might  be  undesirable  to  the  environment  and  to 
the  duct  structure.  Silencers  are  employed,  of  which  the  straight-through  resonator  chamber  is  a 
typical  configuration  where  the  interference  of  geometry  with  the  flow  is  kept  to  a  minimum. 
Modelling  techniques  are  available  to  a  great  degree  of  accuracy.  Testing  procedures  are 
straightforward  and  can  be  easily  implemented  on  site.  Although  most  design  work  is  based  on 
linear  conditions,  these  may  not  actually  apply  in  many  real  situations.  The  silencer  performance 
may  then  significantly  deviate  from  predictions,  depending  strongly  on  acoustic  and  flow 
conditions. 

INTRODUCTION 

Industrial  fluid  distribution  systems  as  well  as  internal  combustion  engine  exhausts  make  use 
of  flow  ducts  which  in  some  cases  carry  high  levels  of  sound  energy  generated  at  noise  sources 
like  engines,  pumps  or  other.  Duct  geometry  changes,  which  may  occur  frequently  in  industrial 
arrangements  and  can  be  rather  complex  owing  to  ne^  for  fluid  distribution  and  control,  may 
also  be  re^nsible  for  internally  generated  noise.  Varkjus  duct  elements  that  disturb  the  flow  and 
the  acoustic  field  may  be  considered,  like  side  branches,  orifices,  valves,  sudden  constrictions  or 
enlargements  on  any  cross  section  area  changes.  These  may  act  as  secondary  noise  sources  with 
the  energy  generated  locally  being  radiated  both  up  and  downstream.  The  noise  carried  by  the 
flow  inside  the  duct  is  radiated  to  the  outside  horn  apertures  or  exhausts  or  by  the  duct  structure 
itself,  causing  a  negative  impact  on  the  environment.  Noise  enhanced  fluid-structure  interaction 
may  also  have  destructive  effects  on  the  supporting  structure  causing  material  fatigue  and 
degrading  reliability  and  performance  of  the  system. 

Design  of  a  complete  piping  system  is,  usually,  a  very  complex  task.  Each  element  is 
selected  by  considering  its  particular  performance,  cost  and  also  the  interaction  with  the  whole 
system  and  the  corresponding  effects  on  the  overall  system  performance  or  reliability.  Noise  is  a 
factor  which  plq^  a  major  role,  in  some  cases.  A  partfoular  duct  component  may  interfere  with 
either  the  acoustic  field  md  its  propagation  or,  most  especially,  with  the  flow  which,  eventually, 
increases  the  noise  levels  inside  the  duct,  becoming  a  secondary  noise  source.  Insertion  of 
silencing  elements  may  then  be  essential.  Good  perfr^ance  of  (foci  silencers  can  be  achieved 
with  high  levels  of  attenuation  resulting  for  selected  fretfoency  bands.  The  silencer  itself  may, 
however,  reprmnt  a  further  disturbance  on  the  flow,  thereby  requiring  a  careful  de^n  where  the 
relevant  physical  mechanisms  are  dully  accounted  for.  Translation  of  all  the  complex  physics 
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involvad  in  sound  propagation  insida  a  flow  duct  can  be  ditficuK,  but  in  the  currant  state  of  the  art 
represents  a  good  understanding  of  the  procees  is  achieved.  That  is  not  exactly  the  case  for  the 
phenomena  of  interaction  of  the  sound  field  with  the  flow,  and,  especially,  the  secondary  sound 
generation  at  duct  discontinuities  owing  to  Interchanges  between  acoustic  and  mechanical 
energies  where  rather  complex  physical  mechanisms,  strortgly  dependem  on  geometry  and  on 
acoustic  and  flow  conditions,  are  pr^nt. 

These  subjects  have  been  studM  in  the  last  decades  in  many  countries  since  they  combine 
needs  fOr  understanding  of  the  physical  phenomena  and  for  technological  advance  towards 
reduction  in  costs  and  noise  pollution.  An  European  pre^  [1]  which  involves  Portugal,  France, 
Gt.  Britain  and  Denmark  is  currently  developing  and  assembling  a  great  deal  of  work  on  pipir^ 
systems  where  a  further  insight  on  sound  propagation  and  generation  inside  a  duct  system  is 
being  investigated. 

SILENCER  DESIGN 

A  good  silencer  design  procedure  should  use  reliable  prediction  methods  and  efficient 
testing  techniques  for  effective  cost  and  performance  minded  quality  control.  Computer 
implemented  mathematical  modelling  has  been  presented  in  the  literature  [2-6,  for  example] 
based  on  analytical  or  parametric  descriptions  of  the  silencer  chamber.  The  complexity  of  the 
models  vary  from  the  very  simple  to  rather  complicated  ones.  Mathematical  complexity  is  usually 
linked  to  complexity  in  geometry  and  to  flow  effects.  Some  of  these  may  be  overlooked  for 
sim^icity  sake  in  well  controlled  situations  where  linear  plane  wave  conditions  apply  and  second 
order  mechanisms  play  minor  roles. 

Consider  a  straight-through  resonator  chamber,  as  sketched  in  Fig.  1,  a  common 
configuration  in  many  ^iplications  bearing  the  advantage  of  causing  minimum  distuttmnce  to  the 
fluid  flow  in  the  duct.  A  perforated  bridge  is  most  frequently  used  between  the  side  branches  in 
order  to  minimise  vortex  formation  at  ctooontinuities  and  its  imeraction  with  the  acoustic  waves,  by 
eliminating  the  free  shear  layer  that  would  exist  in  the  otherwise  open  chamber,  and  to  take 
advantage  of  the  further  attenuation  provided  by  the  perforated  wall,  owing  to  dissipative  and  to 
reactive  effects  that  alter  the  acoustic  coupling  between  the  main  duct  and  the  resonating  cavity. 


Open 

End 


source 


- ►  X 

Figure  1  -  Straight-through  silencer  chamber. 


In  this  simple  geometry,  the  wave  equations  may  be  separately  applied  to  all  the  elementary 
regions  which  the  chamber  can  be  assumed  to  be  composed  of.  Equations  of  continuity  of 
pressure  and  velocity  are  then  applied  as  boundary  condKions  at  the  interfaces  between  those 
regions.  By  assuming  plane  wave  propagation  and  a  uniform  mean  flow  inside  the  main  pipe,  the 
acoustic  pressure  in  the  perforated  region  restflts  from 


rn  d*  ±ili„  2Du 

dx**  ®  not 


(1) 


where  M  (li^V/c,  with  V  the  mean  flow  vetodly  and  c  the  speed  of  sound  in  the  fluid)  is  the  Mach 
number,  R  is  the  main  pipe  radhis.  p  is  the  acoustie  pressure  inside  the  duct  and  u  is  the  radtai 
velocity.  Continuity  of  the  particle  velocity  is  ansumed  at  the  perforated  waN.  This  has  been  shown 
[7]  to  provide  a  more  realistic  model  for  the  actual  behaviour  of  the  perforated  waN  then  a  particle 
(flsplaoement  continuity  oondWon,  both  from  physicai  oonskferations  (the  perforate  does  not  act  as 
an  impervious  membrane  and  in  most  applications  where  M>0.1  spatial  disturbanoes  at  the 
dHferent  locatiotw  of  the  boundary  are  expected  to  be  unoorteUded)  and  from  fits  to  erqwrtmental 
data.  This  vetodly  is  given  by 
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u 


(2) 


-2(P-Pc) 

where  Pc  is  the  pressure  in  the  resonator  region  and  Z  is  the  perforate  wall  impedance.  By 
applying  the  wave  equation  to  this  region  and  combining  with  Eqs.  (1 )  and  (2),  the  pressure  p  may 
be  obtained  from: 


p«2e„p„e'i''i' 


where 


ibsk) 

where  s«  pc/Z,  p  is  the  fluid  density  and  yh  are  the  roots  of  the  complex  polynomial  equation 

ogD^  +  ciD3  +  C2D2  +  cgD  ■»-  C4  -  0 

with  b,  CO.  Of ,  C2.  03  and  C4  being  complex  numbers  depending  on  chamber  radial  geometry, 
convection  effects  (Mach  number),  fluid  conditions  (density,  temperature),  acoustic  frequency  and 
liner  wall  impedance.  k«2x/X.  is  the  wave  number,  i>V-1  and  the  coefficients  Pn  are  determined  by 
application  of  the  pressure  and  velocity  continuity  conditions  at  the  boundaries  of  the  sections  of 
the  chamber. 

Computation  of  this  model  is  fairly  straightforward  and  fast.  Although  the  major  physical 
mechanisms  were  included  in  the  mathematics,  three-dimensional  effects  at  discontinuities  or 
non-linear  behaviour  can  not  be  accounted  for.  The  latter  can,  however,  be  included,  up  to  a  point, 
in  the  model  of  the  perforated  wall. 

The  perforate  wall  impedance,  Z-  R-i-iX,  should  be  considered  for  different  regimes  of 
operation  and  the  appropriate  description  be  adopted  in  each  one.  These  r^imes  are  essentially 
(Mermined  by  the  amplitudes  of  the  mean  flow  velocity  and  of  the  acoustic  pressure  inside  the 
duct.  For  low  pressure  amplitudes,  with  the  fluid  at  rest,  the  liner  impedance  is  given  by 


where  o  is  the  open  to  total  area  ratio  of  the  perforate,  d  is  the  length  of  the  orifice,  0  is  its  diameter, 
V  is  the  gas  kinematic  viscosity  and  co-Zxf. 

For  values  of  M  larger  than  0.05,  Z  becomes 

Z  -  0.3  p  C  M  +  io»  §  [VSv^  (1 -Kl/f)  +  d  +  ^  ♦  (1 -0.7V5)  (1 +305M  V’] 

An  intermediate  grazing  flow  regime,  for  0.025  $  M  $  0.05,  can  be  considered  where  the 

resistance  is  given  by  0.6pc(M-0.023)(l-oV<r-40Ro(M-0.05),  with  Ro  being  the  resistance  for 
M^.O,  and  the  reactance  is  given  by  the  same  expression  for  M  >  0.05.  The  above  expressions 
quantify  viscosity,  inertial  and  grazing  flow  effects  as  well  as  those  of  orifice  interaction.  All  these 
effects  contribute  to  the  overall  silencing  performance. 

Another  more  powerful  and  comprehensive  approach  [4,5]  considers  the  discontinuities  of 
the  boundary  wall  (ainy  finite  impedance  wall)  of  the  main  pipe  to  be  a  disturbance  of  the  otherwise 
rigid  wall.  They  are,  then,  replaced  by  equivalent  virtual  sources  understood  to  be  responsible  for 
the  generation  of  superimposed  pressure  rields.The  acoustic  pressure  field  inside  the  duct  may 
then  be  assumed  to  be  composed  of  a  pressure  field  generated  upstream  and  propagating  in  a 
straight  pipe  plus  a  perturbation  field  generated  by  a  dMribution  of  virtual  sources  located  at  the 
discontinuities.  In  the  presently  considered  stn^ht-through  configuration,  these  would  replace 
the  perforated  bridge.  This  would  be  considered  as  a  set  of  elernemary  ring  sources,  for  which 
sim^  mathematicsi  solutions  are  known  and  can  be  applied. 
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All  the  major  phenomena  can  be  included  in  the  mathematical  formulation.  By  making  use  of 
appropriate  Green's  functions,  a  complete  description  of  the  3-D  pressure  distribution  inside  the 
duct  can  be  obtained  and  computed. 

The  pressure  field  inside  the  main  duct  can  thereby  be  derived  from 

p ■^pc*S(o +  e®''e*“‘'<’‘**)-pkVxJ  Qj  0  *' 

The  first  term  represents  the  acoustic  pressure  inside  the  duct  in  the  absence  of  the  silencer, 
where  S  is  a  non-dimensional  amplitude,  vy  accounts  for  an  end  reflection  (open  end  at  an 
exhaust),  x  is  the  longitudinal  coordinate  and  the  other  quantities  have  already  been  defined.  The 
second  term  represents  the  contributions  of  the  various  perturbations  of  the  boundary  wall,  in 
terms  of  elementary  sources  of  length  Aj,  where  G|  describes  the  pressure  field  generated  by  an 
Impulsive  ring  source  and  z  is  a  displacement  function  normal  to  the  wall  (the  operator  of  z 
represents  the  interaction  between  the  acoustic  wave  field  and  the  moving  fluid). 

Although  this  might  appear  to  be  much  more  complex  than  the  previously  mentioned 
technique,  that  is  not  so.  Various  effects,  like  those  of  higher  order  modes  or  high  pressure 
amplitudes,  can  be  accounted  for  where  required,  which  is  not  possible  in  a  1-D  model. 

This  model  allows  a  segmentation  of  the  silencer  chamber  along  its  axis  with  each  segment 
being  assigned  a  different  wall  impedance,  thereby  accounting  for  its  pressure  dependence.  It 
also  accounts  for  the  presence  of  evanescent  higher  order  modes.  This  was  seen  to  be  of  a 
relative  influence  in  certain  cases,  especially  on  the  location  of  the  resonant  frequencies  and  on 
the  values  of  the  larger  attenuations.  H  is  a  highly  power  and  flexible  model,  although  it  may 
require  some  computation  time  depending  on  the  number  of  the  elementary  virtual  sources  which 
is  related  to  the  length  of  the  discontinuity  (perforate  bridge). 

SILENCER  ATTENUATION 

Figure  2  depicts  typical  attenuation  curves  of  a  silencer  chamber  of  0.392  m  length,  main 
pipe  radius  of  0.019  m  and  outer/inner  diameter  ratio  of  2.6,  with  a  perforated  liner  of  15.7%  open 
area  ratio,  for  two  conditions  of  mean  flow.  The  curves  represent  Insertion  Loss,  which  can  be 
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asswstd  from  IL  -  20  logio  (4“ !  wtwe  ajxi  are  the  poaitive  going  waves  upstream 
and  downstream  of  the  silenoer,  respectively,  under  the  assumption  of  a  non-reflecting  source, 
which  seems  good  enough. 

Although  the  above  models  assume  linear  operating  conditions,  as  do  most  theoreticai 
developments,  that  might  not  be  the  case  in  many  appticattons  where  high  pressure  amplitudes 
are  present  and  non-linear  effects  are  expected  to  play  a  significant  role. 

Figure  3  shows  comparisons  of  changes  in  Insertion  Loss,  relative  to  the  linear  value  (values 
of  P  below  100  dB),  as  function  of  duct  pressure  amplitude,  from  experimental  tests  and  from 
attempts  to  model  the  silencer  chamber  by  using  a  pressure  amplitude  dependem  model  for  the 
perforate  wall  impedance.  Different  frequencies,  liner  open  area  ratio  and  mean  flow  velocities 
are  considered. 


1  Jonn  \2\  .rt(-2.a5  +  O.Oia5P) 

In  this  model,  the  resistance  is  given  by  P  ( i-s  )  lo  where  P  is  the 

pressure  amplitude,  and  the  reactance  is  given  by  the  previous  expression  with  the  last  factor 

multiplied  by  (1  +5.fO^M2)/(l  +  lO^M^)  where  Mo-l0.5pc2(1 

This  model  is  applied  for  values  of  pressure  P  >  193  40  logio  M  dB  (this  limit  is  different 

when  no  mean  flow  is  present  or  its  velocity  is  very  low).  When  the  operating  regime  is  not 
pressure  amplitude  or  mean  flow  controlled,  that  is,  the  value  of  P  is  lower  than  the  above  limit  but 
P  >  175  4'  40  logio  M  dB,  an  intermediate  regime  may  be  defined  where  the  reactance  is 
determined  by  the  mean  flow  and  the  resistance  is  the  geometric  mean  value  of  the  pressure 
amplitude  and  the  grazing  flow  resistances. 

Although  this  model  was  observed  to  yield  good  fits  to  a  large  number  of  experimental 
measurements  of  perforate  impedances  reported  in  the  literature,  the  mathematical  descripton  of 
the  silencer  performance  does  not  lead  to  good  fits  to  measured  silencer  attenuation,  as  the 
figures  illustrate.  Similar  trends  in  the  variation  of  Insertion  Loss  with  pressure  amplitudes  above 
100  dB  are  observed,  however,  in  the  comparisons.  Results  seem  to  suggest  that  the  linear  wave 
propagation  laws,  which  were  assumed  in  the  predicflon,  do  not  correctly  apply. 

The  results  of  the  experimental  tests  have  shown  a  generally  increase  of  the  silencer 
attenuation  with  pressure  amplitude,  although  some  decreases  were  occasionally  observed. 
These  variations  may  be  explained  by  jetting  and  vortex  formation  and  disintegration  above 
orifices,  vortex-acoustic  wave  interaction  and  to  alteration  of  the  acoustic  coupling  between  the 
chamber  regions.  The  efficiency  of  these  mechanisms  is  reduced  by  the  convection  of  the 
acoustic  wave  by  the  mean  flow,  thereby  resulting  a  balance  of  those  major  physical  mechanisms. 

This  field  seems  yet  to  be  quite  open  for  research  in  order  to  fully  understand  and 
mathematically  describe  all  the  physical  phenomena  taking  place  inside  a  flow  duct,  so  that  the 
performance  of  duct  silencers  can  be  well  predicted  for  the  different  conditions  found  in  practical 
situatiorts. 
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ABSTRACT 

The  influence  of  local  flow  ohenomena  such  as  velocity  gradients,  flow  separation,  and  shear  layers  on  the 
pulsation  propagation  through  piping  elements  is  account^  for  by  the  developing  of  a  pressure  loss  transfer 
matrix.  Tnis  matrix  is  derived  for  compressible,  adiabatic  flow  through  the  element,  and  is  coupled  with  the 
pure  acoustic  transfer  matrix  describing  the  inertial  effects  without  flow,  to  delineate  the  overall  transfer  ma'rix 
ITM)  for  the  element.  For  geometrically  simple  elements  such  as  orifice  plates  and  ball  valves,  the  overall  TM  is 
obtained  by  direct  multiplication  of  the  two  matrices.  For  more  complicated  elements  (e.g.  globe  valve)  such 
separation  of  effects  is  not  possible  and  the  overall  TM  was  found  to  contain  mixed  terms  resembling  both 
effects.  Semi-empirical  models  to  describe  the  transmission  characteristics  of  acoustic  waves  through  the  above 
elements  were  developed,  based  on  measurements  of  the  overall  TM  and  fitting  the  data  to  a  prescribed  model. 

NOMENCUTURE 

A  -  area 

Ba  -  inertial  parameter  matrix 
Bp  -  mean  flow  parameter  matrix 
Co  -  speed  of  sound 
Cp  -  specific  heat  at  constant  pressure 
D  -  diameter 
fi  -  defined  factors 
i-  square  root  of  (-1) 

(,  L  -  acoustic  eouivalent  lengths 
Mo  -  Mach  number 
P -  pressure 
R  -  wave  number  =  tu/c 
T  -  temperature 
t-  tinte 

Ta  -  acoustic  transfer  matrix 
T p  -  pressure  loss  transfer  matrix 
U  -  mean  flow  velocity 
X  -  space  dimension 
Y  -  state  vector 

-  charaaeristic  impedence  =  pc/A 

CREEK  LETTERS 

a  -  valve  opening,  or  dimensionless  coefficient 
P  -  dimensionless  coefficients 
y  -  isentropic  exponent 
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Xg  -  pressure  loss  coefficient 
p  -  density 
(0  -  frequency 
5  -  pressure  loss  coefficient 


INTRODUCTION 

Tfie  influence  of  local  flow  phenomena  such  as  flow  velocity  gradients,  flow  separation  and  shear  layers  on  the 
pulsation  transmission  is  often  overlooked  and  not  accounted  for.  In  many  instances,  discrepancies  are 
encountered  between  pulsation  thus  predicted  and  that  measured  in  the  presence  of  fluid  flowing  through  the 
installation.  The  main  reason  for  this  problem  is  the  faa  that  the  plane  wave  theory,  though  useful  when 
applied  to  pulsation  propagation  in  long  pipes,  failes  to  describe  the  refraction/deflection  of  acoustic  waves  at 
the  shear  layers  caus^  by  flow  separation.  In  the  literature  there  are  several  basic  studies  dealing  with  pulsation 
transmission  in  internal  flow  systems  or  particular  piping  elements  11,2,3).  A  time  domain  solution  for  the 
transmission  of  intense  sound  waves  through  the  orifice  plate  was  derived  from  fairly  simple  flow  model  |1|, 
accounting  for  the  effect  of  irreversible  pressure  drop  on  the  wave  transmission.  Propagation  of  pressure  wave 
through  a  sudden  pipe  enlargement  has  been  solved  by  the  multiplication  of  a  pure  acoustic  transfer  matrix,  a 
matrix  related  to  pressure  loss  I2|  and  an  adjusted  coupling  matrix  (3). 

More  recently,  some  efforts  have  been  made  to  develop  more  precise  and  consistent  models  of  pressure 
pulsation  transmission  through  various  piping  elements  |4,5,6,7|.  the  motivation  was  to  be  able  to  describe  the 
overall  transmission  characteristics  of  an  element,  despite  that  it  is  3-dimensional  in  nature,  by  a  simple  but 
accurate  enough  one-dimensional  model.  This  can  conveniently  be  incorporated  into  a  general  tool  utilizing 
the  plane  wave  theory  for  the  entire  network  of  piping.  This  concept  was  driven  from  the  fact  that  whatever 
complex  phenomenon  takes  place  within  the  element,  the  net  effect  is  a  plane  wave  transmitting  both  upstream 
and  downstream  of  it  in  a  one-dimensional  mode  (if  the  frequency  of  propagation  is  below  the  cut-off  frequency 
of  the  pipe).  These  models  are  based  on  the  transfer  matrix  (TM)  approach  and  a  concept  of  accounting  for 
mean  flow  effeas.  Some  sort  of  coupling  between  the  pure  acoustic  transfer  matrix  (Tg)  without  flow,  and 
another  transfer  matrix  (Tp),  describing  the  effects  of  flow  recounted  only  by  the  unrecovered  pressure  drop 
across  the  element,  is  the  main  feature  of  these  new  developments. 

The  manner  by  which  these  two  matrices  are  coupled  is  governed  by  the  type  of  element  under  examination. 
The  developed  overall  TM  takes  into  account  interactions  between  the  acoustic  field  and  the  highly  non-uniform 
flow  downstream  of  an  element  where  a  shear  layer,  recirculation,  flow  reattachment  and  pressure  recovery 
exist. 

In  this  paper,  the  concept  of  the  dependence  of  the  overall  TM  on  the  two  effects  is  laid  out  followed  by  a 
derivation  of  the  pressure  loss  transfer  matrix  Tp  for  a  compressible,  adiabatic  flow  through  an  element.  Based 
on  this  concept,  semi-empirical  models  of  an  orifice  plate,  ball  valves  and  globe  valves  were  developed 
containing  characteristic  parameters  which  were  obtained  by  flow-acoustic  measurements.  Experiments  were 
carried  out  on  two  facilities  with  air  (90  kPa)  and  natural  gas  (600  kPa)  l4l.  Basically,  the  method  used  in 
determining  experimentally  the  four  components  of  TM  of  a  piping  element  was  either  the  two-load  (2L)  method 
[8,9]  or  the  two-source  (2S)  method  110].  it  is  shown  that  for  relatively  geometrically  simple  elements  (such  as 
the  orifice  plates  and  the  ball  valves)  separation  of  the  two  matrices  Tg  and  Tp  was  pmsible,  and  the  overall  TM 
results  from  simple  multiplication  of  Tg  and  Tp  in  a  proper  order  14). 

For  more  geometrically  complicated  elements,  such  as  the  globe  valves,  the  inherent  complication  of  the 
interaction  between  local  flow  phenomena,  internal  flow  passages,  wall  reflection  and  acoustic  waves  make  this 
separation  of  the  two  matrices  impossible.  The  paper  presents  results  nf  the  transmission  characteristics  of  the 
above  three  elements  as  examples  of  both  separable  and  inseparable  transfer  matrices,  for  the  range  of  flow 
Mach  number  permitted  by  the  experimental  facilities. 


CONCEPT  OF  TRANSFER  MATRIX  WITH  FLOW 


The  complicated  flow  through  an  element  of  complex  geometry  can  be  modelled  by  a  stream  tube 
*L*^n'**^'**^^^  following  the  development  of  Miles  111).  The  pertinent  conservation  equations 
the  flow-acoustic  phenomena  are  as  follows: 

d(pA)  3(pUA) 
dt  3x 


of  varying 
describing 


(1) 
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(2) 


3(pUA)  ^  3(pu^A)  ^ap^x.p.u^. 

dt  dx  8x  D  2 

and  P  =  P.(x)  +  P'(x,t)  ,  U  =  U,(x)+U'(x,t)  ,  p  =  p.(x)+p'(x,t)  (4) 


where  losses  are  accounted  for  by  the  pressure  loss  parameter  Xq(x).  When  the  above  equations  are  linearized, 
the  set  of  equations  for  the  perturbations  transformed  to  the  frequency  domain  (11  can  be  written  in  the 
following  matrix  form; 


(5) 


where 


Y(x,®) 


U'((0) 


B.  =ik 


-M. 


p.c/ 

B  =C« 

■-M'  2M.p.cJ 

-M, 

0  1  -t-  M; 

1  J 

fdfnM.'i 

1.  dx 

J 

II  \  ®;j 

1  2  Vj 

(6) 

(7) 

(8) 


The  matrix  Bg  above  contains  the  inertial  effects  while  matrix  Bp  contains  the  effects  of  mean  flow  parameters 
and  their  gradients  through  the  element.  In  general,  it  is  not  possible  to  retain  such  a  clear  separation  of  these 
two  effects  in  the  integration  of  Eq.  (S)  since  the  two  matrices  B3  and  Bp  do  not  commute,  i.e.,  B  •  B,  #  B,  •  B,. 
Additionally,  integration  of  Eq.  (5)  requires  solution  of  the  mean  flow  p^ameters  Mq(x),  Pp(x),  Po^),  Cq(x)  whicn 
are  affected  by  the  complicated  geometry  of  the  transmission  element  (e.g.  a  glc^  valve).  Flow  separation, 
circulation  and  non-uniformities  clearly  add  to  the  complication.  Therefore,  a  closed  form  (analytical)  solution 
of  Eq.  (5)  is  only  posible  for  simple  geometry  elements  such  as  pipes  (2,3)  where  the  two  matrices  Bg  and  Bp  are 
constant  along  x,  and  also  for  area  discontinuities  |4,5,6|. 


For  geometrically  complicated  element,  a  rather  heuristic  approach  is  adopted  to  overcome  this  problem.  The 
approach  stipulates  that  a  general  solution  of  Eq.  (5)  should  take  the  form: 


Y,=T(B.,B,)Y, 


(9) 


where  T(Bi,Bp)  is  the  transfer  matrix,  subscripts  1  and  2  are  stations  at  the  element  boundaries;  inlet  and 
oidlet,  and  ^B'  are  average  representations  of  the  inertial  and  mean  flow  effects,  respectively.  Generally 
T(Bj,B^j  ^Tl[Bjj-T(Bp  j,  however,  two  limiting  cases  are  obvious: 

1.  No  mean  flow.  Cm  =  0  (i.e.  pure  acoustic) 

2.  With  mean  flow  effects  mucn  higher  than  inertial  effects. 

In  the  first  case  T  —»  T,  =  T(B,),  while  in  the  second  case  T  — »  ^  matrices  T,  and  are 

called  the  acoustic  and  pressure  loss  transfer  matrices  [7],  respectively.  Tne  first  (acoustic)  transfer  matrix  can  be 
obtained  by  direct  measurements  utilizing  the  concept  of  the  two-load  18,9]  or  two-source  methods  (101,  when 
there  is  no  flow  through  the  element.  Semiempirical  parameters  are  commonly  introduced  to  fit  the  data 
obtained  by  either  method  above.  The  second  (pressure  loss)  matrix  is  derived  from  simple  considerations  based 
on  the  compressible  flow  through  the  element  witfi  known  pressure  loss  coefficient  \  and  takes  the  following 
form: 


T,= 


(10) 


which  will  be  derived  in  the  following  section. 

The  overall  transfer  matrix  for  the  element  with  flow  is  obtained  by  utilization  of  the  above  two  matrices,  T,  and 
to  fit  the  data  obtained  from  direct  measurements  of  transmission  characteristics  with  flow  by  either  the  two- 
load  of  the  two-source  method.  In  less  complicated  elements,  such  as  orifice  paltes  and  ball  valves,  direct 
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multiplicationof  these  two  matrices  fit  the  data  quite  well,  while  in  more  complex  geometry  such  as  a  globe 
valve,  the  two  matrices'  parameters  are  imbedded  in  the  overall  matrix  suggesting  that  the  two  effects  (inertial 
and  mean  flow)  are  inseparable,  as  will  be  seen  later. 

PRESSURE  LOSS  TRANSFER  MATRIX 

The  pressure  loss  transfer  matrix  for  incompressible  flow  was  derived  in  |5|  which  is  applicable  to  liquid  piping 
networks  or  low  Mach  number  flows.  The  same  concept  can  be  extended  to  compressible  flow  through  piping 
elements. 

Consider  the  general  element  shown  in  Fig.  1  where  compressible  fluid  is  flowing  from  station  1  to  station  2  of 
different  areas,  and  a  source  of  pulsation  is  placed  upstream.  The  following  pertinent  gas  dynamics  equations 
for  adiabatic  flow  with  losses  can  be  written; 

continuity:  P|A,U,  =  P]A,U,  (1 1 ) 


energy:  C,T,  +  =  CJ,  + 

pressure  loss:  difference  in  stagnation  pressures  =  — ^,Uj,  i.e. 

r  1-J-  r 

Ijl  T-r  III  T-1  I 

p,  1+-=^  =p,  1+-^  +-4p,u? 

1  L  2 


(12) 


(13) 


Perturbing  the  above  equations  (11,  12  and  1 3),  utilizing  the  following  isentropic  perturbation  relation  at  the 
source  (Station  1): 


Pi  y  Pi  T, 


Y-1gP. 
Y  P, 


while  on  the  other  side,  the  following  general  relation  between  perturbed  parameters: 


P.  P2  T,  ' 


(14) 


(15) 


the  following  relationship  between  upstream  and  downstream  perturbations  of  pressures  and  velocities  is 
obtained; 


where: 


and: 
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The  above  factors  (f-)  through  fg)  are  calculated  based  on  mean  flow  parameters  at  inlet  and  outlet  of  the 
element  (Stations  1  and  2)  using  Eq.  (11,  12  and  13).  tt  can  be  shovm  that  for  an  element  with  zero  losses 
(^  =  0)  and  same  areas  at  inlet  and  outlet  (i.e.  =  A2),  the  pressure  loss  matrix  will  be  reduced  to  a  unit  matrix. 

EXAMPLES  OF  SEPARABLE  TRANSFER  MATRIX 

The  propagation  of  pressure  waves  through  an  orifice  plate  of  diameter  do  placed  in  a  circular  pipe  of  internal 
diameter  O  has  been  investigated  and  the  influence  of  the  inertial  effects  has  been  desaibed  by  the  so-called 
equivalent  acoustic  length  ii.)  (6|.  This  equivalent  length  was  first  obtained  by  the  2L  method  for  cases  without 
flow  and  is  shown  in  Fig.  2  (plot  marked  M  =  0),  as  a  function  of  the  P-ratio  (where  p  =  dJD).  In  the  case  of 
wave  transmission  with  flow,  separation  of  the  two  effects;  pure  acoustic  and  influeiKe  of  flow,  was  possible 
and  the  overal  transmission  chracteristics  can  be  described  by  direct  multiplication  of  two  TM's:  the  acoustic  T, 
and  the  pressure  loss  T,.  The  former  was  assumed  independent  of  the  Mach  number  as  a  first  approximation, 
while  the  latter  was  derived  from  the  perturbation  formulation  described  in  the  previous  section  as  the  pressure 
loss  coefficient  ^  is  known  for  orifice  plates.  With  the  recent  evolvement  of  the  2S  method,  refinement  of  this 
semi-empirical  model  was  possible  as  better  ouality  data  were  obtained  from  measurements  16,101.  The 
equivalent  acoustic  length  (^)  was  found  to  be  dependent  on  the  mean  flow  Mach  number  in  the  main  pipe  in 
a  manner  shown  in  Fig.  2.  Inis  dependence  most  likely  delineates  the  interaction  that  is  taking  place  b^een 
the  acoustic  field  and  tne  highly  non-uniform  flow  downstream  of  the  orifice. 

The  second  examie  of  a  separable  TM  is  that  for  a  ball  valve.  Likewise,  the  pore  acoustic  TM  was  obtained  by 
the  2L  method  for  various  valve  openings  (tx).  A  semi-empirical  model  was  then  devised  consisting  of  two 
orifices  of  equivalent  P-ratio  equal  to  the  square  root  of  valve  opening  area  ratio,  and  a  separation  of  constant 
area  pipe  of  diameter  D  and  length  L  determined  from  fitting  the  experimental  data.  The  model  is  depicted  in 
Fig.  3  while  results  of  the  equivdent  length  L  is  shown  in  Fig.  4  (two  eauivalent  lengths  are  shown,  L/^  is  used 
for  calculating  T",T“,  while  Lb  for  T'  ,T”).  The  overall  TM  for  the  ball  valve  with  flow  was  also  obtained 
experimentally  using  the  2L  method  and  was  then  compared  to  the  postulated  multiplication  scheme  of  the  two 
TM's:  Tg  and  Tp.  Good  agreement  was  obtained  and  is  discussed  in  more  detail  in  141. 

EXAMPLE  OF  INSEPARABLE  TRANSFER  MATRIX 

The  multiplication  scheme  of  T,  and  Tp  that  worked  successfully  with  the  above  two  elements  did  not  apply  to 
globe  valve.  Even  in  the  case  ot  pure  acoustic  without  flow,  it  was  also  not  possible  to  construct  a  basic  model 
with  say  orifices  and  straight  pipes  like  in  the  case  of  a  ball  valve.  Separation  of  the  two  effects  thus  constitutes 
a  rather  difficult  task  and  mathematically  impossible  sirKe  the  two  corresporKfing  matrices  Bg  and  Bp  do  not 
commute  for  such  complicated  element.  An  earlier  attempt  to  describe  the  transmission  characteristics  of  such 
valves  by  means  of  parallel  TM's;  one  for  the  valve  resistance,  and  another  for  its  capacitance  11 51  did  not 
include  the  inertial  component  which  is  rather  important  at  high  frequencies 

It  was  then  found  that  each  component  of  the  overall  TM  is  a  combination  of  mixed  terms  associated  with  pure 
acoustic  and  pressure  loss  parameters.  These  two  parameters  are  mixed  in  a  manner  that  did  not  permit  distinct 
separation  to  the  two  matrices  Tg  and  Tp  as  before. 

From  the  data  measured  for  a  globe  valve  (100  mm  diameter  -  trim  number  2.62  -  stroke  50  mm  -  seat  area 
3490  mm2)  varied  opening  and  Mach  number,  and  using  the  2L  method,  it  was  possible  to  construct  a 
semi-empirical  matrix  describing  the  two  effects.  For  example  the  overall  TM  for  pulsation  propagation  from 
downstream  to  upstream  is  as  follows: 


T,"cos(lrfJ+ikL*  ;  T"+ikl,Zc 

IT“ 

^sii»{k/,)  ;  T“cos{lt/.)+ikL* 

where  Zr  is  the  characteristic  impedence  of  the  attached  pipe.  Some  similariw  between  the  above  mahix  and 
the  onemat  would  result  from  direct  multiplication  of  two  matrices  Tp  and  Tg  for  a  pipe  of  length  t  exists  and 
is  given  in  (71.  Figures  5,  6  and  7  present  results  of  the  characteristic  parameters  t,,  La  and  Lg  as  functions  of 
the  flow  Mach  number  and  valve  opening. 
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CONCLUSION 

Transrr  of  pressure  pulsation  through  piping  elements  is  controlled  by  the  inertial  effects  caused  by  the 

intern  netry  of  the  element,  and  ^so  by  local  flow  phenomena  such  as  flow  velocity  gradients,  flow 

separu  iod  shear  layers.  Generally,  the  interaction  between  the  two  effects  is  so  complex  to  permit 
separation  of  their  respective  contribution  to  the  transmission  characteristics  of  the  element.  However,  for  some 
elements,  some  sort  of  coupline  between  the  pure  acoustic  transfer  matrix  without  flow,  and  another  transfer 
matrix  d^ribing  the  effects  of  now  recounted  only  by  the  unrecovered  pressure  drop  across  the  element,  exists. 
Full  description  of  the  overall  TM  for  an  element  contains  these  two  matrices  coupled  in  a  manner  depending  on 
the  complexity  of  the  element.  For  example,  simple  multiplication  of  the  two  matrices  matched  the  measured 
data  for  an  orifice  plate  and  a  ball  valve,  quite  well.  Such  multiplication  was  not  possible,  however,  in  the  case 
of  a  globe  valve,  ^mi-empirical  modesi  were  developed  for  the  above  elements  which  are  practical  and  useful 
for  incorporation  into  prediction  models  for  the  propagation  of  pressure  pulsation  through  pi^ng  networks. 

it  is  important  to  emphasize  that  the  above  approach  though  works  for  certain  elements,  it  has  some  limitations 
in  that  identification  of  parameters  containing  either  effects  is  not  always  possible  without  extensive  flow- 
acoustic  measurements.  Also,  even  in  case  of  separable  TM,  the  pure  acoustic  transfer  matrix  may  contain 
parameters  that  are  dependent  on  mean  flow  (e.g.,  the  acoustic  length  in  the  case  of  orifice  plate).  The 
challenge  for  future  work  in  this  area  is  to  develop  models  based  on  a  one-dimensional  approach  to  quantify 
and  resemble  the  three  effects:  inertial,  resistive  and  capacitive,  in  a  more  distinct,  separable  and  consistent 
manner. 
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Fig.  1  Schematic  of  a  Piping  Element  With  Flow 
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Eig.  2  Dimensionless  Acoustic  Equivalent  Length  for  Orifice  Plate  With  Flow 
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Fig.  5  Dimensionless  Acoustic  Equivalent  Length 
for  Globe  Valve  With  Flow 


Fig.  6  Dimensionless  Acoustic  Parameter  La  for 
Globe  Valve 


Fig.  7  Dimensionless  Acoustic  Parameter  Lr  for 
Globe  Valve  “ 
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ABSTRACT 

Vibration  and  resonant  frequencies  of  the  long  pipes  are  considered. 
The  resonant  frequency  formula  is  sugested,  which  is  in  good  correlation 
with  experimental  data.  On  the  basis  of  this  consideration,  a  construc¬ 
tion  for  the  long  pipes  noise  reduction  was  designed.  Sound  pressure  le¬ 
vel  was  reduced  by  14  dB. 

The  sound  radiation  from  long  pipes  is  a  common  situation  for  the 
noise  control  problems.  In  most  cases  this  radiation  is  caused  by  reso¬ 
nant  vibration  of  pipes.  Tor  example,  at  a  weld  pipes  production  shop 
the  pipe,  under  heat  treatmeht  of  the  seam,  radiated  sound  with  100  - 
110  dBA  pressure  levels  at  1  ra  distance.  After  investigation  it  turned 
out,  that  there  were  coincidence  between  the  first  resonant  frequency  of 
the  pipe  and  the  working  frequency  of  heating  indictors,  both  were  about 
950  Hz.  The  resonant  peak  was  rather  narrow,  its  width  approximately 
20  Hz,  It  is  obvious,  that  to  prevent  such  a  coincidence,  one  has  to 
calculate  the  pipe  resonant  frequencies  very  accurately. 

Eozmulae,  usually  recommended  for  this  calculations,  are  derived  in 
two  ways.  Firstly,  the  pipe  oscillations  are  supposed  to  be  of  the  beeim- 
type,  with  undeformable  cross-section.  But  in  this  case  the  resonant 
frequencies  tend  to  zero  when  pipe  length  tends  to  infinity.  Hence,  this 
way  is  unsuitable. Secondly,  the  pipe  is  considered  as  a  thin  cylindrical 
shell.  The  well-known  result  is  Llj 


where  resonant  frequency  of  the  (ttv,t\.)  -  mode,  C  -  velocity  of 

longitudinal  wave  in  material  of  the  shell,  K  -  shell  wall  thickness, 

,  t  -  shell  length,  R  -  shell  radius, 

k,  *  T  12(1- 1)*)/ hR*  ,  'i  -  Poisson's  ratio,  tn.  -  axial  mode  number, 

rt  -  circumferentiml  mode  number.  It  >  2  in  Eq. (1).  Por  infinitely  long 
shell,  t — — ooand  Eq.(1)  becomes 

, ,  _  CK  n.*  • 

““-TriiT'  (2) 
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But  the  value  of  the  first  (fi'=2)  resonant  frequency  calculated 
from  Eq. (2)  was  1,5  times  as  much  as  mesured  value.  The  reason  for  such 
difference  is  neglect  of  the  tangential  inertia  forces  when  obtaining 
Eq.d). 

To  get  more  accurate  results  consider  shell  equations  of  free  moti¬ 
on 


a"u! 

"atr 


;=  1,2.3 


(3) 


where  tL^  ,  IX^  and  U-j  are  the  axial,  circumferential  and  radial  dis  - 
placements  of  cylindrical  shell;  they  are  functions  of  axial  coordinate 
X(0$X^C.)  ,  circumferential  coordinate  y  (O^  y  i  23tR)  and  time  t  • 

The  Ly  's  are  differential  operators  in  X  and  y  ,  their  forms  are 
depenaent  on  the  shell  theory  assumptions. 

The  solution  of  Bq. (3)  may  be  written  as 


^1  '  A,e‘‘^\jk^x)cosk„y. 
Uj,- A^e“^‘<f^(kmx)sink^y, 


At,  A,  and  Aj  are  displacement's  amplitudes,  <jJ  -  frequency, 

and  (f.  -  trigonometric  functions,  determianed  from  boundary  conditions 

at  X*0  and  X*t  . 

After  substituting  Eqa.(4}  in  EqB.(3),  one  obtains  a  slstem  of  3 
algebraic  equations  with  determinant  A(tO).  For  each  (tn.tv)  there  is  a 
set  of  roots  of  equation  A(Oi)=0  ,  the  lowest  of  the  roots  is  the  main 

resonant  frequency  ^tnn  (t’l-.'i-)  ~  mode. 

In  particular  case  when  determined  by  Eq.(1},  they  ha¬ 


ve  following  property.  For  each  Integer  n  exists  such  integer  p  ,  that 
COp^  =  1  ^mn,}  •  1^®  p  is  a  function  of  t  and  titn(p/6)  =  0  , 


Assume,  that  this  property  is  conserved  in  general  case.  Tables  for 
frequencies  of  free  vibration  of  cylindrical  shells  in  paper  by  Baron 
and  Blsich  [2l  confirm  validity  of  this  assumption.  ITien  to  obtain  the 
resonant  frequencies  of  infinitely  long  pipes  (C  — co)  ,  it  is  coixect 
bo  put  0  in  Iqs.(4)  from  the  beginning.  This  operation,  after  omit¬ 
ting  terms,  negllgable  in  comparlslon  with  1x^/l2R^  ,  results  in 


1) 

W' 


(5) 


It  should  be  noted,  that  the  same  result  is  oftalned  for  some  an¬ 
other  forms  of  the  operators  Lj;  .  For  tt'2  ,  Sq.(5)  gives  the  first 
resonant  frequency  equals  2/3  of  the  from 

^  ^For  comparlsion,  a  shell  with  K/R'l/30  ,  k^R-lO/jc  in  paper 
[2]  has  the  exact  resonant  frequency  (after  slight  arithmetical  trans¬ 


form)  (*3^^*0,0554 


,  here,  from  Eq. (5),  00^=0.0258- 


- v*/j- 

This  analysis  turned  out  to  be  necessary  to  reduce  noise  at  the 
above-mentioned  shop.  The  pipe  moved  continuously,  so  it  was  impossible 
to  compress  it  by  the  dampers  on  the  finite  area,  only  point-touching 
dampers  were  applicable.  Besides,  to  avoid  any  skewness  in  pipe,  deun- 
pers  should  be  located  symmetrically  around  the  pipe.  The  number  of  the 
dampers  was  determined  in  following  way. 

For  steel  pipe, c  ■  5300  m/s,  pipe  wall  thickness  tv  =  0,008  m,ra- 
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dius  R  a  0,074  m,  then  =  955  Hz,  while  meeured  value  wae  930  Hz. 

This  meant,  that  the  sound  was  generated  by  the  mode  with  n  =  2,  that  is 
by  the  wave  with  4  nodes  along  circumference.  For  example,  when  in  expe¬ 
rimental  set-up  4  dampers  were  applied,  the  resonant  mode  turned  around 
the  pipe's  axis  (from  the  theoretical  point  of  view  it  meant,  that  ktn 
Eqs.(43  became  very  small,  but  not  zero)  and  the  nodes  matched  with  the 
dampers.  Sound  remained  at  the  same  level.  To  elaborate  an  effective 
damper  construction, an  analogous  pipe  v/as  investigated  in  laboratory. The 
length  of  the  pipe  v^as  5  m  and  it  was  enough  bo  consider  it  as  infinite. 
Two  different  damper  construction  were  worked  out.  llechanical  one  consis¬ 
ted  of  8  dampers,  symmetrically  located  at  an  angle  45°  from  each  other. 
Each  damper  wae  a  bearing,  which  rotated  with  pipe's  movement  and  trans¬ 
mitted  vibration  energy  to  the  elastic  base,  were  energy  was  abnorbed. 
Electromagnetic  damper  was  mounted  with  5  mm  space  from  the  pipe,  wich 
vjorked  ar  a  core  for  it.  In  both  cases  noise  level  reduction  equaled 
14-15  dB  at  the  1000  Hz  octave  band. 
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ABSTRACT 


Buckling  problem  of  otthotropic  rectangular  plates  with  clamped  and  simply  supported  boundary  conditions  is 
investigated  by  the  method  of  supeipositioa  Bidirectional  compression  loads  are  considered  in  the  analysis.  Accurate 
buckling  coefficients  with  four  digits  of  accuracy  are  tabulated  for  various  load  and  material  paraitieteis  along  with  a 
number  of  plate  geometries.  This  work  may  be  extended  to  plates  with  other  boundary  conditions  by  simply  changing  the 
generating  functions  utilized  in  this  paper. 

NOMENCLATURE 


a,  b 

Dli.Diz.Ozz.Dja 


O' 
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ko 

N. 


X.  y 
yo 
a 
Clo 
e 

X" 
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p 

I* 

<>o 


plate  dimension  in  x  and  y  directions,  respectively 
orthotropic  plate  flexural  rigidity  parameters 
generalized  rigidity  panuneter  =  (D  u  + 
number  of  terms  us^  in  imalyticd  solution 
buckling  coefficient  =  Pb^  /  [rrCOnDzz)'^) 
compression  load  in  x  direction  s  -p 
compression  load  in  y  direction  =  -aP 
plate  lateral  displacement  divided  by  side  length  a 
real  space  plate  co-ordinates 
plate  affine  coordinates 
load  ratio  =  N,  /  N, 
affine  load  ratio  = 

generalized  Poisson’s  ratio  =  D  ij/(D  12 
nondimensional  distance 
eigenvalue  =  wa^-Vp/Otr 
nondimensiotud  distance  = 
mass  per  unit  area 
plate  aspect  ratio  =bla 
plate  affine  aspect  ratio  = 


INTRODUCTION 


Since  plates  of  anisotropic  materials  are  extensively  used  in  enginering  structures,  the  accurate  knowledge  of  criticai 
buckling  lo^s  and  associated  buckling  modes  is  essential  for  reliable  and  lightweight  structural  design.  However,  accu¬ 
rate  results  for  orthotropic  rectangular  plates  are  few  in  the  literature.  As  is  irtdicated  by  Leissa  [1],  buckling  of  isotropic, 
homogeneous  plates  is  already  complicated,  not  to  mention  the  orthom^c  plates.  Because  of  this,  energy  methods,  such 
as  Rayleigh-Ritz  method,  and  finite  element  method,  are  commonly  used  in  obtaining  approximate  solutions  for  free 
vibration  and  buckling  of  plates. 

Accurate  buckling  results  are  typically  available  for  two  types  of  plates,  i.e.,  simply  supported  plates  and  plates  with 
one  pair  of  edges  simply  supported.  Fburier  series  may  be  to  find  accurate  solutions  for  simply  supported  plates. 
Analytical  solutions  for  plates  with  one  pair  of  edges  simply  supported  may  be  obtained  by  using  the  Levy  method. 
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In  order  lo  extend  analytical  type  solutions  for  free  vibration  to  plates  with  arbitrary  classical  boundary  conditions, 
Gomian  [2]  introduced  the  superposition  method.  Now  with  this  meth^  one  may  obtain  accurate  results  of  free  vibration 
for  all  classically-supported  isotropic  and  orthotropic  thin  rectangular  plates.  A  number  of  complicated  su(^ns,  such  as 
point  supports,  line  supports,  concentrated  masses,  distributed  elasticity  may  also  be  hatHlled  by  this  method.  In  addition 
to  rectangular  plates,  the  superposition  method  is  applicable  to  triangular  and  parallelogram  plates.  Recently,  Yu  ^ 
Cleghom  [3,4]  investigated  the  budding  and  vibration  of  in-plane  stressed  rectan^ar  plates.  A  sum  of  publications  using 
the  method  of  superposition  is  estimated  on  the  order  of  one  hundred  in  the  technical  literature.  Interested  readers  are 
invited  to  refer  to  these  publications  by  Gorman,  Saliba,  and  the  authors. 

Generic  buckling  was  proposed  by  Brunelle  artd  Oyibo  [5)  in  investigating  buckling  of  orthotropic  plates.  By  intro¬ 
ducing  a  simple  affine  transformation,  the  rigidity  parameters  are  replaced  by  a  generalized  rigidity  parameter  D  ,  and  a 
generalized  frisson  ratio  e.  The  advantage  of  this  transformation  is  that  it  ti^uces  the  two  independent  rigidity  parame¬ 
ters  irito  one  single  generalized  rigidity  parameter  because  the  generalized  Poisson  ratio  has  no  effect  on  free  flexural 
vibration  of  plates  with  clamped  arid  simply  supported  edges.  This  will  result  in  a  dramatic  storage  save  in  tabulating  the 
computed  ^ckling  coefficients.  For  plates  with  free  edges,  the  storage  requitemem  may  also  ^uced  considering  that 
limits  ofD  and  e  for  all  composite  materials  fall  in  the  following  range  [6,7];  0  S  1.0  and  0.12  S  e  S0.65  . 

In  this  paper,  the  getKric  buckling  of  orthotropic  rectangular  [dates  with  clamped  and  simply  supported  edges  is 
investigated  using  the  method  of  superposition.  The  results  presented  ate  accurate  because  our  solutions  satisfy  both  the 
governing  differential  equation  and  the  boundary  conditions. 

GOVERNING  DIFFERENTIAL  EQUATIONS 


The  governing  equation  for  plate  buckling  may  be  obtained  by  considering  the  equilibrium  of  an  infinitesimal  plate 
element,  or  by  simply  letting  the  eigenvalue  be  zero  in  the  equation  for  free  vibration  of  in-plane  stressed  plates.  Since 
critical  buckling  and  zero  fluency  problems  for  a  statically  stable  plate  ate  mathematically  equivalent,  a  buckling  mode 
must  coincide  with  a  certain  vibration  mode  in  which  the  corresponding  eigenvalue  vanishes  due  to  the  in-plane  loads. 
The  governing  equation  for  buckling  of  specially  orthotropic  plates  is  written  as: 


(1) 


To  reduce  the  number  of  rigidity  parameters  used  for  orthotropic  plates,  the  transfonnation  is  introduced: 


x=(D„)‘'^„  a={Dn)''*ao  a  =  (022/D„)'V  A'x  =  (Dij)'X 
y={D-a)''*y«  b=(D2i)'‘*b„  <ti  =  (Dtt/Dz2)''*'f»  = 


W,  =  (D22)''^W,. 


Substituting  the  above  relations  into  Eqn.(l),  we  obtain 


3x1 


-f2D* 


d*w 
dxldyl  dy*o 


Do 


3*w  . 


■  +  ao 


=  0 


(2) 


(3) 


where  parameters  that  appear  in  above  equations  are  defined  in  the  Nomerrclature.  For  buckling  analysis  of  plates  with 
clamped  and  simply  sup^rted  edges,  one  needs  to  find  the  expressions  for  the  bending  moments  transformed  into  the 
affine  plane.  Considering  the  transformation  in  Eqn.(2),  these  expressions  may  be  written  as 


■ 

1  eD* 

M,.r 

eo*  1 

K  J 

3^w 


3xi 

3^w 


(4) 


In  order  for  the  results  to  be  valid  for  all  orthotropic  plates,  it  is  advantageous  to  introduce  the  nondimensional 
transformation: 

Xo=aak-  =  w  =  aW  =  {Dii)''*a^W  (5) 


One  further  rewrites  the  governing  equation  as: 


at*  ^^'an* 


=  0 


d*W  2D'  3*W 

at^  at*dn* 


d*w  . 

»  -  ■> 


2  a*iv 

at* 


=  0 
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(6a) 


(6b) 


The  nond'mensional  bending  moments  consequently  become 


I  V  ^  ol 


(7) 


SOLU  I'lON  TECHNIQUE 


The  superposition  method  is  based  on  the  linearity  of  the  governing  differential  equations  The  mathematical  treat¬ 
ment  draws  the  inference  from  the  Levy  method.  Since  rotations  of  plate  normals  about  x,  or  y  asis  are  due  to  the  bending 
monents,  Af,  and  My  may  be  chosen  to  fulfill  the  superposition  procedure.  For  a  rectangular  plate  without  simply  sup¬ 
ported  edges,  one  needs  to  construct  four  building  blocks.  Along  each  edge  of  the  four  building  blocks,  one  of  the  ;  ■  o 
boundary  conditions,  i.e.,  2ero  lateral  displacement,  is  satisfied.  The  second  boundary  condition  is  associated  with  the 
driving  bending  moments. 

For  clarity,  four  edges  of  a  rectangular  plate  arc  denoted  by  i.  and  building  blocks  correspo.iding  to  the  rectangular 
plate  arc  denoted  by  j.  For  plates  without  simply  supported  edges,  i.j  -  1. 2,3,4;  for  plates  involving  simply  supported 
edges,  j  =  4~N,,  where  N,  is  the  number  of  simply  supported  edges.  For  consistence,  the  edge  number  i  is  counted  coun¬ 
terclockwise  from  the  bottom  edge;  and  the  j-th  building  block  is  the  one  whose  ;-th  edge  is  driven  by  a  distributed  bend¬ 
ing  moment.  A  clamped  edge  i  of  a  plate  is  treated  as  the  simply  supported  edge  in  the  >-th  building  block  (i  *  J).  For 
/  =  j,  the  edge  is  subjected  to  a  bending  moment  Mj. 

Levy  type  solutions  for  each  of  the  so-constructed  building  blocks  may  be  readily  obtained  because  there  are  a  pair 
of  opposite  edges  simply  supported  in  all  four  building  blocks.  For  reference,  a  summary  of  Levy  type  solutions  and  the 
boundary  conditions  along  the  other  two  edges  for  the  employed  building  blocks  is  shown  in  Table  1.  A  solution  to  the 
original  plate  may  then  be  found  by  superimposing  four  sets  of  solutions  and  requiring  the  released  boundary  conditions 
to  be  satisfied.  This  will  tesuli  in  a  number  of  algebraic  equations  relating  the  bending  moment  expansion  coefficients. 
Buckling  loads  may  be  obtained  by  searching  those  k„  which  cause  the  determinant  of  the  coefficieni  matrix  of  the  alge¬ 
braic  equations  to  vanish. 


Table  1  Levy  type  solutions  for  all  four  building  block 


Building  Blocks 

Lateral  Displacement 

Bending  Moment 

Boundary  Conditions 

First 

1 

— — =2;E^sinmit4 

Uy  , 

W',  (t0)=vy ,  (5, 1)=M„(^.0)=«,  M  1)=M ,  ft) 

Second 

lVj=2^1',(ysin«7ni 

1 

Mia  * 

1 

»'2(0.ti)=»'j(1,ti)=M5(0,ti)=0.  My(l,^)=Af2(Tl) 

Third 

1 

Ms#  x_  .  , 

Uy  , 

»’,(i0)=W3(^.l)=M„ft,l)=O,  M,3ft.0>=M,ft) 

Fourth 

»'4=fT,(ysin<7itTi 

1 

Mia  X 

l*'.(0,n)=H'4(l.it)=Af5(l.it)=O.  Af54(0,4)=Af,(T|) 

Solutions  for  the  First  Building  Block 

Substituting  the  Levy  type  solutions  given  in  Table  1  into  Eqn.(6a),  one  obtains  the  following  ordinary  differential 
equations: 

yi:r-28*l’"+A„r„=0  (m  =  l,2,  T)  (8) 

where  Roman  superscripts  indicate  the  order  of  differentiation  with  respect  to  ti,  and  the  coefficients  5^  and  are  given 
by 

8„  =  -  O.SJC^koO,, , 

Three  families  of  solutions  to  Eqn.(8)  may  be  written  as: 

I'm  =  >»mSinhPmTl  sinymtl  +  BmSinhp„T|  COS7„n  -i-  CmCOShPmtl  SillYmTl  +  DmCOShPmtl  COSTmtl  (9) 


=  AmSinhPmtl  +  B„coshP„T;  ;r  C„jin-!ii„Ti  -b  DmCOSYmtl  (10) 
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=  /i„sinhp„Ti  +  S„coshp„ii  +  C„sinY,Ti  +  D^cosy^Tl 


(II) 


where  P„  and  P„  are  the  known  constants  in  terms  of  5„  and  A„.  Constants  A„,  B„.  C„  and  D„  may  be  found  by  consid¬ 
ering  the  boundary  conditions  shown  in  Table  1.  After  determining  the  four  sets  of  constants,  the  lateral  displacement  for 
the  first  building  block  is  written  as 


W, 


+  s 

me^lt 


=  X 

m^Sl. 


sinhp„l1 


sinhp„Ti  cosy„tl  coshp„Ti  sinY„T| 
coshp„  siny, 
sinhp„ti 


^  sinhp„ 
sinhY„Ti 


cosY„ 


-jsinmit^ 


sinhp„  sinh7„ 


sinmit^-H  X 

men, 


.03m 


siny^Ti 


sinhp„ 


siny„ 


sinmtt^ 


(12) 


where 


coshp„  siny„  0„  -1 

"  sinhp„cosy„  ‘  ®‘"  ~  2P„y„(l -i- 0^)  ’  Pm-yi)  ' 


e3m  = 


-1 

PJ.+ld) 


Solution  for  the  Second  Building  Block 

Substitution  of  the  Levy  type  solutions  for  the  second  building  block  into  Eqn.(6b)  gives 

yJ'-28,)'"-t-A,r,=0  (13) 


where 


S„  =  [^D‘(rtit)^  -0.5i<,)t-Jit)* ,  A„  =  ^(n)t)^-a„<:<,l'^(''>i)ji>p 

Similarly,  one  may  obtain  the  lateral  displacement  for  the  second  building  building  block.  It  is  written  as 

\  sinhp,4  cosy„4  coshp,^  siny„^l 


H':  =  X 


1  sinhp,  cosy,  coshp,  siny. 


f  sinhp,^  sinhy„4] 


+  X'^"02«i— TS - n; — kinnitri-i-  X£"03Hi-^ 

ntsi,  [  sinhy,  j  [  sinhp, 


fsinhP,^  siny,^ 


siny. 


linnWl 


(14) 


Solutions  for  the  Third  and  Fourth  Building  Blocks 

Derivation  of  solutions  for  the  third  and  fourth  building  blocks  is  not  necessary.  Solutions  for  the  third  and  fourth 
building  blocks  may  be  inferred  from  solutions  for  the  first  and  second  building  blocks,  respectively.  Solution  for  the 
third  building  block  is  obtained  by  replacing  T|  with  1  -q,  and  m  with  p  in  Eqn.(12),  Similarly,  solution  for  the  fourth 
building  block  is  obtained  by  replacing  ^  with  1  -  and  n  with  q  in  Eqn.  (14). 


Formul  tticn  of  Algebraic  Equations 

Solutions  for  the  four  building  blocks,  which  satisfy  tlw  imposed  boundary  conditions,  are  now  available.  A  solu¬ 
tion  to  the  clamped  plate  may  be  obtained  by  simply  superimposing  the  four  solutions.  However,  the  so-superimposed 
solution  docs  not  satisfy  boundary  conditions  for  the  clamped  edges.  In  order  for  the  solution  to  satify  the  boundary  con¬ 
ditions,  it  is  required  the  released  boundary  condition  along  each  of  the  four  rectilinear  edges  be  exactly  satisfied.  Four- 
tunately,  one  notices  that  there  are  four  sets  of  unknown  constants  appearing  in  expressions  for  the  displacements.  By 
forcing  the  zero  slope  condit  ns  to  be  satisfied,  we  obtain  a  system  of  AK  linear  algebraic  equations  relating  the  constants 
£p  and  £,.  Buckling  i^ads  are  sought  for  values  of  which  cause  the  determinant  of  the  coefficient  matrix  of  the 
algebraic  equations.  Buckling  modes  may  be  found  by  simply  solving  the  linear  algebraic  equations.  To  quantitatively 
determine  lateral  defelection  of  a  plate  which  is  in  post-buckling  mode,  one  needs  to  consider  nonlinear  factors. 

Algebraic  Equations  for  Plates  with  Simply  Supported  Edges 

It  is  noticed  that  in  all  building  blocks  three  of  the  four  edges  are  simply  supported.  The  reinaining  edge  is  con¬ 
sidered  as  simply  supported  when  the  driving  moment  vanishes.  TTierefore,  solutions  for  the  plates  with  simply  supported 
edges  may  be  obtained  by  eliminating  contributions  of  appropriate  building  blocks.  This  indicates  that  analysis  for  plates 
involving  simply  supported  edges  is  simpler. 

PRESENTATION  OF  COMPUTED  RESULTS 

A  Foruan  code  is  developed  to  handle  the  numerical  calculation  of  buckling  coefficient  for  various  geometries, 
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loading  cases  and  rigidities.  In  running  the  program,  it  is  found  that  convergence  of  buckling  coefficient  for  all  interested 
cases  is  very  rapid.  Four  digits  of  accuracy  may  be  obtained  by  using  only  ten  terms  in  the  truncated  series  expressions. 

Before  presenting  the  results,  we  wish  to  make  comparison  with  those  by  Wong  aitd  Bettess.  They  studied  buckling 
of  isotropic  rectangular  plates  clamped  on  all  four  edges  using  the  Taylor’s  theory.  Since  the  generalized  Poisson  ratio 
does  not  affect  vibrational  characteristics  of  orthotropic  plates  with  clamped  and  simply  supported  edges,  buckling 
coefficients  for  an  orthotropic  plate  with  Z)  *  =  1  should  be  the  same  as  those  for  the  isotropic  plate,  provided  that  the 
loading  and  geometry  for  the  two  typ^  of  plates  are  the  same.  Results  of  present  paper  and  Wong  and  Bettess  are  tabu¬ 
lated  in  Table  2.  Excellent  agreement  is  encountered. 


Table  2  Comparison  of  buckling  coefRcients  for  isotropic  CCCC  plates 


D' 

Wong  4  Betless 

Present  paper 

1.0 

liXil 

1.0 

10.07 

1.6 

8.201 

2.0 

7.8674 

7.867 

2.4 

7.5812 

7.581 

3.0 

7.3608 

7.359 

1.0 

0.2 

1.6 

8.6382 

8.638 

1.6 

7.3486 

7.342 

2.0 

7.0692 

7.063 

2.4 

6.7650 

6.765 

3.0 

6.6102 

6.606 

1.0 

1.0 

I.O 

5.304 

1.6 

4.0507 

4.051 

2.0 

3.9234 

3.923 

2.4 

3.8950 

3,895 

3.0 

3.8604 

3.861 

To  decide  how  the  tabuiaiion  of  computed  buckling  coefficients  for  plates  with  different  supports,  a  relationship 
between  the  buckling  coefficient  and  the  generalized  rigidity  parameter  for  the  given  load  ratio  and  aspect  ratio  is  shown 
in  Fig.  1.  By  examining  the  figure,  one  may  quickly  corrcIuAs  that  the  buckling  coefficient  changes  linearly  with  the  gen¬ 
eralized  rigidity  parameter  in  the  interval  [0, 1].  This  indicates  that  only  two  v^ues  of  D*  need  to  be  corrsidered  in  tabula¬ 
tion.  As  a  result,  the  storage  space  is  dramatically  reduced.  Buckling  coefficients  for  any  other  values  of  D"  may  be 
obtained  with  great  accuracy  by  interpolation.  This  result  may  be  significant  in  optimal  design  of  composite  plates. 


Z>* 

Fig.  1  Buckling  coefficient  ijOfCCCC  plates  versus  D’. 
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Table  3  shows  buckling  coefficients  for  the  the  camped  oilhotropic  plates  with  D  -1 .0  and  0.5,  respectively.  Buck¬ 
ling  coefficients  for  plates  with  one  simply  supported  edge  and  two  adjacent  edges  simply  supported  are  presented  in 
Table  4  and  5.  All  computed  data  given  in  this  paper  possess  four  digits  of  accuracy. 


Table  3a  Buckling  coefficients  of  CCCC  plates  (£>  ‘  =  1 .0 ) 


aspect  ratio 

load  ratio  a„ 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

0.4 

27.81 

26.86 

26.49 

25.78 

25.07 

24.33 

23.M 

21.47 

20.07 

18.80 

17.66 

0.6 

14.89 

14.00 

13.19 

12.45 

11.78 

11.15 

10.58 

10.04 

9.528 

9.051 

8.549 

0.8 

11.09 

9.970 

9.028 

8.231 

7.550 

6.964 

6.455 

6.011 

5.619 

5.273 

4.964 

1.0 

10.07 

8.638 

7.505 

6.608 

5.889 

5.304 

4.819 

4.413 

4.068 

3.772 

3.515 

1.2 

9.581 

8.316 

6.973 

5.954 

5.175 

4.569 

4.085 

3.692 

3.366 

3.093 

2.770 

1.4 

8.605 

7.878 

6.841 

5.704 

4.859 

4.221 

3.727 

3.334 

3.015 

2.751 

2.530 

1.6 

8.201 

7.342 

6.619 

5.627 

4.721 

4.051 

3.542 

3.144 

2.826 

2.565 

2.348 

18 

8.102 

7.119 

6.295 

5.615 

4.666 

3.966 

3.441 

3.037 

2.716 

2.457 

2.241 

2.0 

7.867 

7.063 

6.149 

5.402 

4.649 

3.923 

3.385 

2.973 

2.650 

2.389 

2.177 

2.2 

7.657 

6.914 

6.103 

5.292 

4.644 

3.903 

3.352 

2.934 

2.608 

2.346 

2.132 

2.4 

7.581 

6.765 

6.059 

5.244 

4.555 

3.895 

3.333 

2.909 

2.580 

2.317 

2.102 

2.6 

7.541 

6.703 

5.942 

5.231 

4.505 

3.892 

3.322 

2.893 

2.560 

2.296 

2.081 

2.8 

7.416 

6.690 

5.883 

5.196 

4.482 

3.890 

3.316 

2.882 

2.547 

2.281 

2.066 

3.0 

7.359 

6.606 

5.861 

5.138 

4.472 

3.861 

3.312 

2.874 

2.537 

2.270 

2.054 

Table  3b  Buckling  coefficients  of  CCCC  plates  (D‘  =  0.5 ) 


aspect  ratio  6, 

load  ratio 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

0.4 

26.36 

26.07 

25.34 

24.59 

23.54 

21.71 

20.10 

18.67 

17.38 

16.22 

15.18 

0.6 

13.70 

12.85 

12.07 

11.33 

10.61 

10.16 

9.604 

9.079 

8.533 

7.850 

7.267 

0.8 

9.896 

8.879 

8.028 

7.310 

6.698 

6.172 

5.716 

5.318 

4.969 

4.660 

4.384 

1.0 

8.872 

7.595 

6.594 

5.804 

5.172 

4.658 

4.233 

3.876 

3.574 

3.314 

3.088 

1.2 

8.395 

7.314 

6.142 

5.251 

4.570 

4.037 

3.612 

3.266 

2.980 

2.738 

2.533 

1.4 

7.410 

6.773 

6.063 

5.081 

4.341 

3.779 

3.341 

2.991 

2.707 

2.471 

2.273 

1.6 

7.000 

6.256 

5.635 

5.054 

4.269 

3.676 

3.202 

2.850 

2.566 

2.332 

2.137 

1.8 

6.899 

6.053 

5.351 

4.776 

4.257 

3.640 

3.169 

2.802 

2.458 

2.237 

2.050 

2.0 

6.670 

6.011 

5.241 

4.611 

4.101 

3.634 

3.150 

2.774 

2.476 

2.235 

2.036 

2.2 

6.456 

5.821 

5.219 

4.545 

3.999 

3.560 

3.145 

2.762 

2.459 

2.215 

2.014 

2.4 

6.377 

5.682 

5.091 

4.529 

3.954 

3.493 

3.122 

2.758 

2.451 

2.204 

2.002 

2.6 

6.342 

5.631 

4.994 

4.460 

3.941 

3.461 

3.075 

2.757 

2.448 

2.198 

1.994 

2.8 

6.215 

5.614 

4.955 

4.389 

3.919 

3.448 

3.051 

2.730 

2.447 

2.195 

1.990 

3.0 

6.155 

5.518 

4.947 

4.356 

3.940 

3.446 

3.039 

2.711 

2.444 

2.194 

1.987 

Table  4a  Buckling  coefficients  of  CCCS  plates  (f>'  =  1 .0 ) 


aspect  ratio  i|i„ 

load  ratio  a. 

0.0 

HCSH 

1.2 

1.4 

1.6 

1.8 

2.0 

0.4 

15.81 

15.35 

14.91 

14.49 

14.09 

13.70 

13.33 

12.96 

12.60 

12.25 

11.89 

0.6 

9.581 

8.968 

8.419 

7.925 

7.480 

7.076 

6.710 

6.375 

6.069 

5.787 

5.528 

0.8 

8.201 

7.342 

6.619 

6.011 

5.497 

5.058 

4.681 

4.353 

4.066 

3.813 

3.589 

1.0 

8.087 

7.063 

6.149 

5.402 

4.800 

4.311 

3.908 

3.572 

3.288 

3.045 

2.834 

1.2 

7.737 

6.988 

6.097 

5.244 

4.555 

4.011 

3.579 

3.228 

3.938 

2.704 

2.490 

1.4 

7.416 

6.707 

6.017 

5.229 

4.482 

3.890 

3.428 

3.061 

2.764 

2.519 

2.313 

1.6 

7.347 

6.551 

5.849 

5.189 

4.470 

3.843 

3.356 

2.974 

2.669 

2.421 

2.214 

1.8 

7.313 

6.528 

5.764 

5.098 

4.464 

3.828 

3.321 

2.927 

2.615 

2.362 

2.154 

2.0 

7.208 

6.497 

5.751 

5.042 

4.431 

3.826 

3.303 

2.899 

2.581 

2.325 

2.115 

2.2 

7.161 

6.427 

5.736 

5.027 

4.393 

3.825 

3.296 

2.882 

2.559 

2.300 

2.089 

2.4 

7.155 

6.394 

5.693 

5.025 

4.373 

3.816 

3.292 

2.872 

2.545 

2.284 

2.071 

2.6 

7.119 

6.391 

5.664 

5.008 

4.368 

3.802 

3.292 

2.866 

2.535 

2.272 

2.058 

2.8 

7.088 

6.371 

5.659 

4.985 

4.367 

3.791 

3.291 

2.862 

2.527 

2.263 

2.048 

3.0 

7.083 

6.345 

5.654 

4.972 

4.361 

3.785 

3.291 

2.859 

2.522 

2.256 

2.040 
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Table  4b  Buckling  coefficients  of  CCCS  plates  {D*  -  O.S ) 


load  ratio  a« 


aspect  rauo 

6.6 

OJ 

■TiV 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

0.4 

14.63 

14.17 

13.73 

13.27 

13.00 

12.61 

12.22 

11.83 

11.27 

10.57 

9.960 

0.6 

8.395 

7.846 

7.356 

6.915 

6.517 

6.157 

5.830 

5.532 

5.261 

5.010 

4.780 

0.8 

7.000 

6.256 

5.635 

5.113 

4.673 

4.299 

3.976 

3.697 

3.453 

3.238 

3.047 

1.0 

6.887 

6.011 

5.241 

4.611 

4.101 

3.689 

3.345 

3.053 

2.809 

2.602 

2.423 

1.2 

6.541 

5.912 

5.213 

4.529 

3.954 

3.493 

3.122 

2.819 

2.486 

2.298 

2.133 

1.4 

6.215 

5.614 

5.063 

4.505 

3.940 

3.448 

3.051 

2.730 

2.469 

2.252 

2.070 

1.6 

6.142 

5.470 

4.888 

4.383 

3.911 

3.445 

3.036 

2.701 

2.429 

2.205 

2.019 

1.8 

6.111 

5.454 

4.828 

4.289 

3.831 

3.423 

3.034 

2.694 

2.413 

2.183 

1.993 

6.005 

5.411 

4.823 

4.262 

3.780 

3.375 

3.021 

2.694 

2.411 

2.177 

1.983 

2.2 

5.956 

5.339 

4.786 

4.259 

3.765 

3.345 

2.993 

2.688 

2.411 

2.174 

1.978 

2.4 

5.951 

5.312 

4.739 

4.234 

3.764 

3.335 

2.975 

2.664 

2.408 

2.174 

1.975 

2.6 

5.916 

5.309 

4.722 

4.202 

3.750 

3.334 

2.967 

2.661 

2.403 

2.174 

1.975 

2.8 

5.883 

5.283 

4.720 

4.189 

3.729 

3.329 

2.966 

2.654 

2.395 

2.172 

1.975 

3.0 

5.878 

5.259 

4.704 

4.188 

3.717 

3.316 

2.%5 

2.652 

2.389 

2.168 

1.975 

Table  5a  Buckling  coefficients  of  CCSS  plates  (D  * 

=  1.0) 

aspect  latio 

load  ratio  \ 

0.2 

MEM 

1.2 

1.4 

1.6 

1.8 

2.0 

15.19 

14.89 

14.49 

14.11 

13.74 

13.39 

13.04 

12.70 

12.34 

11.90 

11.34 

8.638 

8.119 

7.650 

7.226 

6.841 

6.491 

6.170 

5.875 

5.602 

5.349 

5.111 

6.719 

6.030 

5.457 

4.974 

4.565 

4.214 

3.910 

3.645 

3.412 

3.205 

3.021 

6.223 

5.315 

4.605 

4.049 

3.607 

3.248 

2.951 

2.703 

2.493 

2.312 

2.155 

6.180 

5.123 

4.266 

3.628 

3.147 

2.775 

2.480 

2.241 

2.043 

1.877 

1.735 

5.996 

5.106 

4.146 

3.426 

2.907 

2.520 

2.223 

1.987 

1.797 

1.639 

1.507 

5.773 

5.030 

4.119 

3.329 

2.773 

2.372 

2.071 

1.837 

1.650 

1.500 

1.371 

5.679 

4.902 

4.115 

3.283 

2.695 

2.281 

1.975 

1.741 

1.557 

1.408 

1.284 

2.0 

5.668 

4.827 

4.085 

3.264 

2.647 

2.221 

1.912 

1.678 

1.494 

1.347 

1.226 

2.2 

5.636 

4.806 

4.035 

3.2.57 

2.618 

2.181 

1.868 

1.633 

1.451 

1.305 

1.185 

2.4 

5.575 

4.803 

4.000 

3.256 

2.598 

2.153 

1.837 

1.601 

1.419 

1.274 

1.156 

2.6 

5.543 

4.780 

3.984 

3.255 

2.585 

2.132 

1.813 

1.577 

1.395 

1.251 

1.133 

2.8 

5.539 

4.748 

3.982 

3.250 

2.577 

2.117 

1.796 

1.559 

1.377 

1.233 

1.117 

3.0 

5.528 

4.730 

3.980 

3.241 

2.571 

2.105 

1.782 

1.544 

1.363 

1.219 

1.103 

Table  5b  Buckling  coefficients  of  CCSS  plates  (D  * 

=  0.5) 

aspect  ratio  i^„ 

1  load  ratio 

MilMi 

1.0 

1.2 

1.4 

1.6 

1.8 

0.4 

14.22 

13.82 

13.44 

13.06 

12.71 

12.32 

11.83 

11.16 

10.49 

9.869 

9.308 

0.6 

7.506 

7.025 

6.582 

6.273 

5.929 

5.613 

5.322 

5.051 

4.798 

5.558 

4.330 

0.8 

5.595 

5.011 

4.528 

4.125 

3.783 

3.488 

3.237 

3.011 

2.816 

2.644 

2.490 

5.094 

4.343 

3.762 

3.307 

2.946 

2.652 

2.410 

2.208 

2.036 

1.888 

1.760 

1.2 

5.051 

4.192 

3.500 

2.983 

2.591 

2.287 

2.045 

1.849 

1.686 

1.550 

1.433 

1.4 

4.871 

4.176 

3.443 

2.864 

2.438 

2.117 

1.862 

1.667 

1.508 

1.377 

1.267 

1.6 

4.645 

4.058 

3.437 

2.832 

2.374 

2.037 

1.781 

1.582 

1.402 

1.276 

1.170 

1.8 

4.548 

3.925 

3.384 

2.829 

2.352 

1.998 

1.734 

1.531 

1.370 

1.239 

1.131 

2.0 

4.536 

3.863 

3.307 

2.818 

2.346 

1.981 

1.709 

1.502 

1.339 

1.208 

1.100 

2.2 

4.507 

3.854 

3.261 

2.783 

2.346 

1.974 

1.695 

1.484 

1.319 

1.187 

1.079 

2.4 

4.445 

3.844 

3.248 

2.750 

2.340 

1.972 

1.688 

1.473 

1.306 

1.174 

1.065 

2.6 

4.412 

3.808 

3.247 

2.733 

2.327 

1.971 

1.684 

1.467 

1.299 

1.163 

1.055 

2.8 

4.407 

3.778 

3.236 

2.728 

2.312 

1.971 

1.683 

1.463 

1.294 

1.159 

1.050 

3.0 

4.397 

3.768 

3.215 

2.728 

2.303 

l.%8 

1.682 

1.460 

1.290 

1.154 

1.045 

CONCLUSION 

This  paper  investigated  generic  buckling  of  ortholropic  rectangular  plates  with  combination  of  clamped  and  simply 
supported  edges  by  studying  a  clamped  plate.  Results  obtained  by  the  supeiposition  method  are  accurate,  and  the  pro¬ 
cedure  itself  is  antdytical.  TTie  method  may  be  employed  to  solve  buckling  of  plates  involving  free  edges  by  modifying 
generating  functions  used  for  the  clamped  plates. 
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ABSTRACT 

A  parameter  identification  technique  in  the  frequency  domain  is  discussed.  For 
this  purpose,  a  distributed  parameter  model  of  a  dynamic  system  within  the  framework  of 
Buler-Bemoulli  beam  theory  is  assumed  to  be  known.  Internal  material  dasiping  and 
external  viscous  daoping  are  included  in  the  model .  The  parameters  are  approximated 
using  cubic  cardinal  splines,  and  their  derivatives  are  evaluated  from  such 
approximations.  For  a  given  input,  the  response  is  assumed  to  be  measured  at  discrete 
locations  in  the  system.  Quintic  B-splines  are  used  to  obtain  approximate  spatial 
representations  of  the  response  emd  its  derivatives  from  these  measurements.  A 
Galerkin-type  approach  in  conjunction  with  an  equation  error  technique  is  used  to 
estimate  the  unknown  parameters.  Numerically  simulated  responses  obtained  from  an 
independent  finite  element  model  of  an  Buler-Bemoulli  beam  is  used  to  validate  the 
identification  technique.  Bstimated  values  of  the  mass,  stiffness  and  daaping 
distributions  are  discussed. 

INTRODDCTION 

For  structures  that  can  be  modelled  as  continuous  systems,  discretization  reduces 
modeling  accuracy.  In  such  cases,  if  the  form  of  the  governing  differential  equation 
is  known  along  with  the  initial  and  boundary  conditions,  the  actual  distributed  system 
itself  can  be  considered  for  parameter  identification  without  resorting  to  approximate 
models.  A  distributed  representation  of  the  system  thus  identified  is  likely  to  yield 
more  accurate  prediction  of  the  system  behavior.  Also,  the  identified  values  can  be 
used  to  reconstruct  the  response,  which  can  be  ccepared  with  the  measured  response  to 
check  the  validity  of  the  physical  representation  of  the  system  itself.  In  the  recent 
past,  several  identification  techniques  suitable  for  distributed  structural  dynamic 
systems  have  been  reported  (1-4] . 

At  present,  there  are  few  techniques  available  to  identify  the  unknown  parameters 
of  distributed  structural  dynamic  systems  in  the  presence  of  damping.  Among  these,  the 
finite  element  and  spline-based  techniques  have  received  considerable  attention.  The 
finite  element  techniques  are  primarily  concerned  with  the  identification  of  systems 
that  include  proportional  or  general  viscous  daaping.  The  spline-based  techniques 
involve  using  time  domain  data  for  systems  with  constant  or  spatially  varying 
parameters,  and  include  different  types  of  dasgjing  models. 

Damping  is  present  in  virtually  all  types  of  structures  and  materials  encountered 
in  practice.  Characterization  and  understanding  of  the  daaping  behavior  becosies  even 
more  critical  if,  in  addition  to  vlbratioa,  noise  control  problems  are  also  addressed. 
In  such  cases,  the  material  (internal  or  structural)  dasiping  should  also  be  included 
along  with  the  external  daaping  of  the  system.  In  this  vein,  an  identification  scheme 
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suitable  for  aaa-diaanalooal  systaaw.  Including  both  typea  of  syatem  daa^inga,  is 
discussed  in  thin  paper. 

The  identification  schasM  uses  data  in  the  frequency  domain,  and  a  model  of  a 
distributed  dynamic  system  within  the  framework  of  the  Buler-Bemoulli  beam  theory. 
The  parameters  of  the  system,  such  as  mass,  damping  and  stiffness,  are  assumed  to  be 
uniformly  varying  along  the  length  of  the  beam.  The  external  and  internal  dampings  are 
included  by  using  the  linear  viscous  and  viacoelutic  models  respectively.  The 
spatially  varying  paraaieters  are  approximated  using  cubic  cardinal  splines,  and  their 
derivatives  are  obtained  from  such  approximations.  For  a  given  input,  the  response 
chosen  to  be  acceleration,  is  assuaied  to  be  known  at  discrete  locations  along  the  beam. 
Quintic  B-splines  are  then  used  to  obtain  approximate  spatial  representations  of  the 
response  and  its  derivatives  from  these  discrete  measurements. 

A  Oalerkin-type  approach  in  conjunction  with  an  equation  error  technique  is  then 
used  to  estimate  the  unknown  parameters,  which  are  values  of  the  parameter  splines  at 
the  knot  locations.  Numerically  simulated  responses  obtained  from  an  independent 
finite  element  model  of  an  Buler-Bemoulli  beam  are  used  to  validate  the  identification 
technique.  Estimated  values  of  the  mass,  stiffness  and  damping  distributions  are 
presented. 

PHYSICAL  SYSTEM  MODEL 

The  physical  system  is  assumed  to  be  modeled  within  the  framework  of  the  Buler- 
Bemoulli  beam  theory.  The  effects  of  internal  and  external  daspings  are  included 
using  the  linear  viscoelastic  and  viscous  daoping  models,  respectively.  A  model 
governing  the  behavior  of.  such  beams  is  assumed  to  be  known  a  priori  in  the  frequency 
domain,  and  is  taken  Co  be  as  follows. 

d^/dx^ I(BI (X) +jCgI (x) )d*a* (x,«) /dx^) ♦ 

rjuCyix) pA(x)3a*(x,u)  =  -u*  F(x,u>)  (1) 


where  a*  is  the  acceleretion  response  caiised  by  the  known  forcing  function  F(XrCt>), 

X  is  the  distance  along  the  beams  and  o)  is  the  frequency  in  radians/second.  The  beam 
is  assumed  to  be  fixed  at  xsO,  and  free  at  xsL,  idiere  L  is  the  length  of  beam.  Bl  and 
pA  are  stiffness  and  mss  distributions  respectively.  C,  and  correspond  to  the 
internal  and  external  dancing  coefficients  respectively.  The  above  parameters  are 
assumed  to  be  continuous  functions  of  x,  and  are  the  unknown  parameters  to  be 
identified.  In  eq.  (1) ,  the  initial  conditions  were  assumed  to  be  equal  to  xero. 

For  identification  purposess  it  is  assumed  that  the  acceleration  is  known  at  as 
many  frequencies  as  required,  at  a  number  of  discrete  locations.  From  this  data  an 
approximation  to  the  continuous  response  is  instructed  using  quintic  B-splines.  Bach 
of  the  parameters  appearing  in  eq.  (l)  is  approximated  in  the  identification  process 
cardinal  cubic  splines.  The  task  of  identifying  the  unknown  parameters  then  reduces  to 
estimating  the  values  at  the  knot  locations  of  these  parameter  splines.  To  accoiif>liBh 
this,  a  Galerkin  type  weighted  residual  procedure  in  conjunction  with  an  equation  error 
approach  is  used. 

SPLIRB  APPROXlMATIC»iS 

Cubic  cardinal  splines  and  quintic  B-splines  were  chosen  as  the  approximating 
functions  for  the  parameters  and  response  respectively. 

Response  Representation:  The  acceleration  response  is  represented  as  follows. 

R 

a*(x,«)  -  Z  «i(<J)  (2) 

i»0 

where  ^^(x)  are  the  basis  functions  that  satisfy  appropriate  boundary  conditicms,  and 
aj^(c<>)  are  constants  to  be  detenained  at  each  frequency.  The  functions  are 

constructed  using  the  quintic  B-spline  basis  functions  (5] ,  so  as  to  satisfy  the  given 
boundary  conditions. 

Though  many  such  cosibinations  are  possible,  the  following  is  used  in  this  paper. 
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♦l(x)  -  (9/4)B.j^<®’ (X)  +  (65/2)8.2*®’  (X) 

♦2(x)  -B2*®’(x)  -  (l/a)B.i<®’ (X)  +  (9/4)B.2‘®’  (X) 

^(x)  -  B^*®’  (X)  +  (3/2)B„^l**’ (X)  +  3Bh+2*®’(x) 

^N-1***  “  ®H-1***  (*>  ■  ^®IJ+2****** 

*M-2<**  •  ®N-2**^(*>  ■  '^•5  Bh+1*®’(*> 

*i(x)  .Bi’®’{x),  i.3,4 . ,H-3  (3) 

where 

Bi<®’(x)  •  l/h®t(x-Xi.3)^®  -  6(x-Xi.2)+®  ♦  15(x-Xi.3)+® 

-20(x-Xi)*®  ♦  ISCx-Xi^l)^®  -  6(x-Xi^2)+^  +  <*-*i+3)+^l 
X.3  <  X.2  <;  x.i  «  xq  and  x^+a  >  x,,+2  >  *M+l  > 

and 

(x-xi)+®  •  (x-x^)®,  if  X  ^  x^ 
s  0  if  X  <  X£ 

For  a  given  set  of  measured  response  at  the  knot  locations  i>0,l,2,  . .  .  .N,  at  a  given 
frequency,  the  coefficients  aj^(u)  in  eq.  (2)  can  be  uniquely  obtained.  The  response 
derivatives  required  in  eq.  (1)  can  be  calculated  by  differentiating  eg.  (2)  as  many 
times  as  necessary. 

Pxrxnmfer  Splines:  The  unknown  structural  pareuneters  are  expressed  in  terms  of  basis 
functions  as  follows. 

M 

«P(x)  .  X  «iP  Ci{x),  p  =  1,2  3  and  4  (4) 

i=0 

idiere  *  and  «**’  represent  BI,  Cgl,  Cy.  and  pA,  an^5  9^'^’,  9i’^’  9^*^’ 

and  9^''*  represent  the  coefficients  correspcmding  to  these  parameters  respectively. 
The  values  of  H  depend  on  the  number  of  locations  at  which  the  parameters  are  to  be 
identified.  The  basis  functions  C£{x)  are  taken  as  cubic  cardinal  splines  [6]  having 
the  following  characteristics. 

Cj(xi)  =  4ij,  C  j  (xg)  =  C  j  (X||)  =  0  i,j  =  0,1, . ,N 

'^N+l**i*  “  ^N+2<*i)  “O'  C  R4.i(xo)  =  C  b+2  ^ 

C  “  C  H4.2(xo)  •  0  (5) 

where  0 '  represents  differentiation  with  respect  to  x.  Also,  it  has  been  assumed  that 
the  parameter  knots  coincide  with  the  knots  used  for  the  response .  In  this  case  M=N+2 . 

R+2 

tfP(x)  «  X  CiU)  (6) 

i«0 

Due  to  the  manner  the  cardinal  splines  are  defined,  ^i^'  iK0,l,..,N  are  the  values  of 
the  parameters  9^  at  the  Imots  and  and  ^^11+2  derivatives  of  at  x»0 

and  x>L  respectively.  The  identification  procedure  now  involves  coisputing  the 
coefficients  9j^P  for  p»l,2,  3  and  4. 
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IDBNTIFICATI(»I  SCHBMB 

Substituting  eqs.  (2)  and  (6)  into  eq.  (1)  and  regrouping,  the  following  set  of 
equations  is  obtained. 

+  2  [  2g[«lc‘^'+j«k‘^']Ck'(x)  ]  [  ] 

+  [  (X)  ]  [  *’'"**'  ] 

*  [  ]  [  Jo«k<“)*k(*)  ]  +  *  0  '■') 

At  this  stage,  the  coefficients  ay^  and  the  excitation  F  are  known  ccmplex 
quantities  at  any  given  frequency  and  can  be  %n:itten  as 

p  T 

a)t(u)  •  ajj  (u)  ♦  ja)5  (u) 

P(x,u)  •  f'*(x,«)  +  jF^(x,u)  (8) 

The  number  of  unknowns  in  eq.  (7)  equals  4(1943),  corresponding  to  the  values  of 
(1941)  knot  locations  and  also  the  derivatives  at  end  points  of  each  of  the  parameters. 
If  an  arbitrary  number  of  equations  is  used  in  solving  these  unknowns  in  eq.  (7),  the 
resulting  equation  will  not  be  equal  to  zero,  but  will  result  in  some  error.  The 
identification  procedure  involves  orthogonal! zing  this  error  with  respect  to  each  of 
the  basis  functions  used  in  the  parameter  splines  and  coeluting  the  unJcnowns  from  the 
resulting  equations.  Thus,  a  set  of  equations  is  obtained  for  each  frequency  used  in 
identification.  By  combining  these  sets  of  equations  for  many  frequencies,  an 
overdetermined  system  can  be  generated,  a  least  squares  solution  of  which  yields 
estimates  for  the  unknowns.  The  equations  involved  in  this  procedure  are  exiinnarized 
below.  The  following  matrices  are  defined  for  c^venience. 

L 

Ri,2  =  I  +  2{C){*"')V’‘'^}{C')’' 

0 

+  ]  dx 


li  L 

«3,4  =  j  ;  Pj"'*  -  I  F*’^  (C)  dx 

0  0 


(9) 


Incorporating  eqs.  (8)  and  (9)  into  the  weighted  residual  procedure,  the  following 
equations  involving  coefficients  of  the  unknown  parameters  is  obtained. 


Rj  -R2 


R2  ’ ^1  wRj 


-u^R3 

-u*R4 


,(1) 

»<2)i  jpjR) 
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(10) 


I 


Bq.  (10)  is  obtained  for  a  single  frequency.  Similar  sets  of  equations  can  be  written 
at  other  frequencies.  Combining  the  different  sets  at  various  frequencies  leads  to  an 
equation  of  the  form 

tCjl  («}  *  {Pj)  111) 

in  which  [C^]  is  a  coefficient  matrix  of  the  order  2(N-f3)n  times  4(N>f3),  idiere  n  is  the 
number  of  frequencies  used  in  the  estimation.  Elements  of  this  matrix  are  made  up  of 
the  elements  of  matrices  defined  in  eq.  (9)  evaluated  at  different  frequencies.  {9} 
parameters  and  force  vectors  of  length  4(N-f3).  Using  the  ordinary 
least  squares  technique,  a  solution  {0  }  to  eq.  (11)  can  be  written  as, 

{«*)  =  c/  P,  (12) 

NUMERICAL  RESULTS 

The  identification  scheme  discussed  in  the  previous  sections  is  demonstrated  in 
this  section  using  simulated  data  for  a  cantilever  beam  with  the  following  properties. 

L  =  0.61m; 

EI(x)  =  18.01*10^  U-(X/2L)1'*  Cgl  (x)  =5.51  Il-(x/2Wl* 

pA(x)  =4.22  [1- (x/2L)l^  N/m;  C^lx)  =17.3  [1- (x/2L) ] ^  N-sec/m^ 

The  beam  was  aut>dlvided  into  6  regions  (N=6) ,  and  an  independent  finite  element  program 
was  used  to  calculate  the  response  at  the  resulting  7  Icnots.  In  the  identification, 
the  frequency  response  data  in  the  following  frequency  bandwidths  at  iHz  intervals  was 
used:  2S.34HZ  and  39-48HZ  (around  first  mode),  144-153HZ  and  158-l£7Hz  (around  second 
mode) ,  and  376-385HZ  and  390-399HZ  (around  third  mode) . 

The  regions  in  the  immediate  vicinity  of  the  modal  peaks  were  emitted.  This  is 
because,  less  accurate  estimates  were  obtained,  if  these  areas  were  included  especially 
for  viscous  daiqping.  The  elements  in  the  coefficient  matrix  [C,]  are  integral  terms 
involving  products  of  polynomials.  A  sixth  order  Gauss -Legendre  numerical  procedure 
[7]  was  used  to  coiqpute  the  elements  in  the  matrix.  A  total  of  36  parameters  were 
estimated,  viz.,  the  values  at  the  7  knot  locations  and  the  derivatives  at  the  ends  for 
stiffness,  danping  and  mass  distributions.  Computed  values  for  these  unlcnowns  at  the 
assumed  luiot  locations  are  presented  in  Pigures  1-4.  It  can  be  seen  from  these  figures 
that  the  estimated  values  are  in  good  agreement  with  the  actual  values  used  in 
generating  the  frequency  response  functions  at  all  the  interior  knots. 

SUMMARY  AND  CONCLUSIONS 

A  spline  based  identification  technique  in  the  frequency  domain  that  is  suitable 
for  danped  distributed  structural  dynamic  systems  was  developed.  A  uniformly  tapered 
beam  whose  behavior  can  be  modeled  within  the  framework  of  the  Buler-Bemoulli  beam 
theory  was  considered  for  the  identification  scheme.  The  infinite-dimensional  response 
and  parameter  spaces  were  approximated  by  quintic  B-splines  and  cubic  cardinal  splines 
respectively.  A  Galerkin  type  weighted  residual  procedure  was  used  to  estimate  the 
un)cnown  parameters.  Simulated  acceleration  frequency  response  data  around  the  first 
three  modes,  for  an  applied  impulse,  was  used  to  validate  the  technique.  None  of  the 
parameters  was  assumed  to  be  known  a  priori .  The  estimated  results  showed  good 
agreement  with  the  actual  values  at  all  the  interior  locations  of  the  beam. 
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ABSTRACT 

Polycrystalline  samples  of  mixed  ferrite  systems  having  the  chemical  formula 
LIq  5.x/2^x^®2  5-x/2®4  where  x  =  0.2,  0.4,  0.6,  0.8  and  1.0  were  prepared 

by  conventional  double  sintering  method.  The  final  sintering  temperature  was  done  at  I250°C. 
The  ultrasonic  compressional  (Vj)  and  shear  (V^)  velocities  at  room  temperature  of  all  the 

mixed  Li-Zn  and  Li-Cd  ferrites  were  determined  by  the  ultrasonic  pulse  transmission  technique. 
The  elastic  moduli  of  the  specimens  have  been  computed  and  corrected  to  zero  porosity. 
The  corrected  values  of  the  elastic  moduli  and  the  Debye  temperatures  are  presented. 
Lithium-Zinc  ferrite  with  x  =  0.6  is  found  to  have  minimum  Young's  and  rigidity  moduli. 
But  in  the  case  of  mixed  Li-Cd  ferrite  with  x  =  0.4  is  found  to  have  maximum  Young's 
and  rigidity  moduli  . 


The  values  of  E,  n,  E^,  n^  and  of  the  mixed  Li-Zn  ferrites  are  found  to  decrease 

with  increasing  zinc  content  (x  =  0.6  mole).  Beyond  x=0.6  mole,  these  paramenters,  show 
an  increase  for  further  addition  of  zinc.  They,  however,  decrease  once  again  for  zinc  ferrites 
with  100%  Zn.  But  in  the  case  of  Lithium-Cadmium  ferrites  the  values  of  E,  n,  E^,  and 

are  found  to  increase  with  increasing  cadmium  content  (x=0.4  mole).  Beyond  x=0.4  mole 

these  parameters  show  an  decrease  for  further  addition  of  cadmium.  In  both  cases  Poisson's 
ratio  remains  constant.  The  variation  of  elastic  moduli  with  composition  may  be  interpreted 
in  terms  of  binding  forces  between  the  atoms. 


INTRCH5UCT10N 

A  study  of  the  elastic  behaviour  of  solids  is  of  great  significance  in  understanding 
the  nature  of  interatomic  and  interionic  forces  in  solids.  The  elastic  properties  of  ferrites 
possessing  the  spinel  structure  have  not  been  studied  so  systematically  as  their  magnetic  and 
electrical  properties.  Moreover,  there  is  a  need  for  a  thorough  study  of  the  elastic  behaviour 
of  these  ferrites  with  new  compositions  possessing  certain  desired  elastic  properties  in  view 
of  their  extensive  applications  in  computers  as  memory  cores  and  in  several  microwave 
devices  like  isolators,  circulators,  gyrators,  phase  shifters,  etc.  It  is  with  this  view  that 
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a  systematic  study  of  the  elastic  behaviour  of  polycrystalline  Li-Zn  and  Li-Cd  ferrites  has 
been  undertaken  at  room  temperature. 


EXPERIMENTAL  DETAILS 

Mixed  Li-Zn  and  Li-Cd  ferrites  having  the  chemical  formula  Li„  ,  ,.M  Fe.  - 

^  0.5-X/2  X  2.5-X/2  4 

where  x  =  0.2,  0.4,  0.6,  0.8  and  I.C  were  prepared  by  conventional  double  sintering  process 
with  a  final  sintering  temperature  1250°C.  The  details  of  the  method  of  preparation  have 
been  given  in  an  earlier  publications  [1,2].  X-ray  diffractometer  studies  of  the  samples 

using  Cul^  radiation  confirmed  the  spinel  formation.  From  the  diffraction  data,  lattice 
parameter  values  and  hence  the  values  of  X-ray  densities  have  also  been  calculated  and 
are  given  in  Table-1. 

TABLE-I  Ambient  elastic  data  (uncorrected)  on  Lithium-Zinc  and  Lithium-Cadmium  ferrites 


Ferrite 

Composition 

Bulk 

density 

1 O^Kgm' 

X-ray 

density 

lO^Kgm'^ 

Per¬ 

cen¬ 

tage 

Poro¬ 

sity 

(%) 

''l 

(m.S"') 

V 

s 

(m.S"'  i 

E 

1  (xlo'*^Nm'^) 

n 

(x1o'°Nm‘^) 

L‘o.4^"0.2''®2.4°4 

4.66 

4.86 

4.1 

6243 

3806 

16.25 

6.75 

^‘0.3^V4^®2.3°4 

4.81 

4.98 

3.3 

6131 

3967 

15.26 

5.57 

‘'‘0.2^"0.6''®2.2°4 

4.97 

5.09 

2.4 

5200 

2737 

9.74 

3.72 

"'‘0.1^"0.8^®2.I°4 

5.14 

5.22 

1.6 

6281 

4023 

19.16 

8.3) 

ZnFe^O^ 

5.30 

5.32 

0.5 

4934 

3028 

11.64 

4.86 

‘■‘0.4‘“'‘o.2'^®2.4°4 

4.58 

4.64 

1.3 

5751 

3502 

13.54 

5.62 

''‘0.3^'^0.4^^2.3°4 

4.87 

4.94 

1.4 

8962 

5333 

33.96 

13.85 

''‘0.2^'^0.6^®2.2°4 

5.16 

5.24 

1.4 

5580 

3988 

21.81 

8.68 

‘-‘0.l^^0.8''^2.t°4 

5.46 

5.53 

1.3 

5560 

3271 

13.67 

5.52 

CdFe^O^ 

5.75 

5.82 

l.l 

4267 

2300 

7.88 

3.04 

The  compressional  (Vj)  and  shear  (V^)  velocities  at  room  temperature  ol  all  the  mixed 

ferrites  were  determined  by  the  ultrasonic  pulse  transmission  technique  [3],  but  modified 
and  improved  by  using  a  digital  Textronic  2230  oscilloscope  and  utilising  cursor  movement 
for  travel  time  measurements  [4].  The  error  in  the  measurement  of  velocities  is  less  than 
1  0.5%  . 
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RESULTS  AND  DISCUSSIONS 

The  measured  values  of  the  compressional  (Vj)  and  shear  (V^)  velocities,  along  with 

the  computed  values  of  the  Young's  modulus  (E),  and  rigidity  modulus  (n),  are  in  Table-1. 
Since  the  ferrites  under  investigation  are  porous  (porosity  ranging  from  4.1  to  0.5%),  the 
elastic  moduli  have  been  corrected  to  zero  porosity  using  McKenzie's  formula  [5].  The 
corrected  values  of  E  ,  n  ,  K  and  o  are  in  Table-Il. 


1%BLE-II  Elastic  data  of  Li-Zn  and  Li-Cd  ferrites  corrected  to  zero  porosity 


Ferrite 

Composition 

(  X  lo’°Nm'^) 

°o 

E 

o 

n 

o 

K 

o 

'■‘0.4^'’0.2'^®2.4°4 

17.69 

7.37 

9.83 

0.20 

‘•‘0.3^"C.4*^®2.3°4 

15.76 

5.73 

8.89 

0.21 

^‘0.2^"0.6'"®2.2°4 

10.19 

4.35 

5.16 

0.17 

^*0.l^''0.8^®2,l°4 

19.98 

8.26 

1 1.46 

0.21 

ZnFe^O^ 

1 1.75 

4.90 

6.53 

0.20 

’-‘0.4^'‘0.2''®2.4°4 

13.53 

5.79 

6.80 

0.17 

‘-‘0.3^'^0.4''®2.3°4 

33.84 

14,57 

16.75 

0.16 

^‘0.2^''0.6^®2.2°4 

22.26 

9,37 

11.87 

0.16 

^‘o.l^'’o.8''®2.t°4 

13.60 

5.87 

6.64 

0.19 

CdFe20^ 

8.02 

3.41 

4.15 

0.18 

It  can  be  seen  from  Tables-1  and  11  that  the  values  of  E,  n,  E^^,  n^  and  K^  of  the 

mixed  Li-Zn  ferrites  are  found  to  decrease  with  increasing  zinc  content  (x=0.6  mole).  Beyond 
x=0.6  mole,  these  parameters,  show  an  increase  for  further  addition  of  zinc.  They,  however, 
decrease  once  again  for  zinc  ferrite  with  100%  Zn.  From  Table  11,  it  can  further  be  seen 
that  the  Poisson's  ratio  remains  constant.  Following  Wooster's  work  [6],  the  variation  of 
elastic  moduli  with  composition  may  be  interpreted  in  terms  of  binding  forces  between 
the  atoms.  As  such,  it  can  be  understood  from  the  experimental  values  of  E^  and  n^  (Table-11) 

that  the  atomic  binding  between  the  ions  of  Li-Zn  mixed  ferrites,  decreases  with  increasing 
zinc  content  upto  x=0.6  mole.  Beyond  x=0.6  mole,  the  binding  forces  show  an  increase 
for  further  addition  of  zinc.  They,  however,  once  again  decrease  for  zinc  ferrite.  But 

in  the  case  of  Li-Cd  ferrites  the  values  of  E,  n,  E  ,  n  ,  and  K  of  the  mixed  Li-Cd  ferrites 

o  o  o 

are  found  to  increase  with  increasing  cadmium  content  (x=0.4  mole).  Beyond  x=0.4  mole, 
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these  parameters  show  decrease  for  further  addition  of  cadmium.  From  Table-II,  it  can 
further  be  seen  that  the  Poission's  ratio  remains  constant.  Following  Wooster's  work  [6], 
the  variation  of  elastic  moduli  with  composition  may  be  interpreted  in  terms  of  binding 
forces  between  the  atoms.  As  such,  it  can  be  understood  from  the  experimental  values 
of  and  n^  (Table-Il)  that  the  atomic  binding  be*  ns  of  mixed  Li-Cd  ferrites, 

increases  with  increasing  cadmium  content  upto  x=0.  iryond  x=0.4  mole  the  binding 

forces  show  decrease  for  further  addition  of  cadmium.  this  composition  variation  of  elastic 
moduli  in  the  case  of  Li-Zn  and  Li-Cd  ferrites  is  similar  to  what  has  been  observed  in 
several  other  ferrites  like  Co-Zn  [7]  and  Li-Ni  [8]  studied  earlier. 


Debye  temperature  (Qp)  for  the  mixed  Li-Cd  ferrites  have  been  calculated  using 
the  simple  method  given  by  Anderson  [9] 


^  ^ 


3NqP 


L  4Trml 


where 


h 

K 

N 

M 

q 

p 

V 

m 


plank's  constant 
Boltzmann's  constant 
Avogadro's  Number 
Molecular  weight  of  the  specimen 
Number  of  atoms  in  a  molecule 
density  of  the  specimen,  and 
Average  sound  velocity 


given  by 


V 


m 


From  the  values  of  compressional  (Vj)  and  shear  (V^)  velocities  and  X-ray  density, 
V|/  P  and  P  are  calculated  and  are  shown  in  Table-Ill.  The  mean  atomic  weight  m/q 

of  the  ferrite  under  investigation,  calculated  from  the  molecular  weight  m  and  the  number 
of  atoms  q  in  the  chemical  fromula  are  also  included  in  Tble-lII.  The  values  of  and 

thus  obtained  are  also  given  in  Table-III. 
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TABLE-III  Reltionship  between  atomic  weights  and  velocities 


Ferrite 

Composition 

m/q 

V,/P 

MJP 

V 

m 

(m.S'*) 

®D 

(K) 

30.55 

1274 

783 

4204 

564 

^‘0.3^"0.4^®2.3°4 

31.53 

1231 

797 

4353 

584 

‘-‘o.22"o.6'"®2.2°4 

32.50 

1022 

538 

3060 

41 1 

'■‘0.1^"0i^®2.l°4 

33.54 

1203 

771 

4420 

594 

ZnFe^O^ 

34.44 

927 

569 

3342 

450 

‘•‘0.4‘''*0.2*^®2.4°4 

31.90 

1239 

755 

3868 

509 

^‘0.3‘“''0.4*'®2.3°4 

34.21 

1814 

1080 

5904 

780 

L‘o.2^‘'o.6''®2.2°4 

36.53 

1065 

761 

4316 

564 

‘'‘o.l^''o.8''®2.1°4 

38.64 

1005 

592 

3626 

475 

CdFe20^ 

41.16 

733 

395 

2568 

335 

It  cn  be  seen  from  the  tble  that  there  is  a  continuous  increase  in  the  vlue  of  mean 
atomic  weight  with  increasing  zinc  and  cadmium  contents. 


In  the  case  of  Li-Cd  ferrites,  the  values  of  Vj/P  ,  V^/P  ,  and  are  also  increases 

continuously  with  increasing  cadmium  content  upto  x=0.4  mole.  Beyond  x=0.4  mole  the 
above  values  show  a  decrease  for  further  addition  of  cadmium.  Plot  of  6^  against 

is  shown  in  Fig.I.  It  is  interesting  to  note  from  the  figure  varies  linearly  with  V^. 

A  similar  variation  of  with  V  was  reported  by  Narayana  and  Swamy  [10,11]  in  the 

case  of  rare  eaarth  and  noble  metals,  and  Reddy  et  al.,  in  the  case  of  Li-Ti  [12]  mixed 
ferrites. 
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ABSTRACT 

Spatial  localization  of  bending  waves  was  observed  on  a  steel  plate  (72’X72'X1')  decorated  with 
lucite  blocks  (3.5*X3.5’X3’)  arranged  in  either  a  periodic  or  a  random  array.  The  exponential  decay 
length  of  the  localized  modes  was  found  to  be  as  short  as  12  cm  at  2T8  kHz,  and  increased  with 
frequency  as  (fo  -  f)'^ .  where  fo  =  3.5  kHz  is  a  quasi-mobility  edge.  The  experimental  data  and  finite- 
element  calculations  suggest  that  the  observed  localization  of  bending  waves  is  due  to  the  strong 
resonant  scattering  of  tending  waves  by  the  shear  modes  of  the  ludte/steel  system.  The  generic 
nature  of  this  localization  phenomenon  suggests  its  potential  use  as  an  attenuation  mechanism  for 
tending  waves. 


The  tending  wavef^-^l  is  a  special  type  of  wave  which  propagates  oniy  in  plates,  but  which 
includes  both  longitudinal  and  transverse  displacements  and  is  dispersive.  The  tending  wave  is 
generated  by  acoustic  waves  obeying  the  full  compressional  and  shear  wave  equations.l^l  but  its 
properties  can  also  be  derived  by  simple  mechanical  models  when  the  plate  thickness  is 
considerably  smaller  than  the  tending  wavelength.  Although  the  propagation  of  tending  waves  in 
smooth  plates  has  teen  extensively  studied,!^]  scientific  questions  remain  about  the  propagation  of 
tending  waves  in  non-uniform  composite  plates.  Recent  experimental  datal^l  on  inhomogeneous 
steel-refractory,  composite  walls  do  not  agree  with  theoretical  calculationl^l  in  either  the  shape  of 
the  transfer  ftmction  or  its  spatial  dependence.  The  resolution  of  this  discrepancy  was  one 
motivation  for  this  study,  another  was  to  explore  the  possibility  of  Anderson  localization^  of  elastic 
waves  in  a  two-dimensional  system. 

The  concept  of  wave  localization  was  first  proposed  by  Andersonl^l  in  1958  in  the  context  of 
electronic  transport  in  disordered  materials,  and  since  then  the  importance  of  the  localization 
concept  in  the  physics  of  electronic  transport  and  the  metal-insulator  transition  has  been  extensively 
documentedf^l.  However,  Anderson  localization  has  eluded  direct  observation  in  electronic  systems 
due  to  inherent  difficulties  in  mapping  electronic  wave  functions  as  well  as  distinguishing  Anderson 
localization  from  electron-electron  interactions  and  many-body  phenomena.  The  fact  that  these 
complexities  are  absent  in  classical  wave  systems  is  one  reason  for  the  current  interest  in  both 
elastic  wave  and  l^ht  localization.I^-i^l 
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The  spatial  dimensionality  of  the  system  is  a  critical  parameter  in  the  study  of  wave  localization. 
In  the  Attderson  theory,  waves  in  one-  or  two-dimensional  systems  exhibit  localization  for  any 
degree  of  disorder.l^^l  In  three  dimensions,  waves  can  be  localized  in  some  frequency  regimes  but 
delocalized  in  others,  and  the  frequency  separating  the  regimes  is  denoted  as  the  'mobility  edge'. 

The  subject  of  this  paper  is  the  first  examination  of  the  propagation  of  bending  waves  in  randomly 
or  periodically  inhomogeneous  (rough)  composite  plates.  We  have  discovered  a  strong  resonant 
scattering  of  the  bending  waves  which  leads  to  spatial  localization  of  the  bending  wave  over  a 
broad  frequency  range  and  where  the  localization  phenomenon  exhibits  a  'quasi-mobility  edge'  in 
frequency,  characteristic  of  3D-localization.  This  experimental  observation  confirms  both  the 
resonance  frequencies  and  the  resonance  eigenstates  calculated  by  a  finite-element  calculation.  A 
ID  modal  calculation(t3]  of  reflection  coefficient  for  bending  waves  reflected  by  a  single  block  mass 
with  internal  resonances  also  gives  a  pronounce  reflection  peak  at  the  block  resonance  frequency, 
which  supports  the  measurement  results. 

The  experimerrtal  system  consists  of  a 
1 .83mx1 .83mx2.54cm  steel  plate  set  on  four 
vibration-isolation  supports.  Edge  reflections 
have  been  reduced,  but  not  eliminated,  by 
gluing  a  glass  bar  around  four  sides  of  the 
plate  and  sealing  with  a  flexible  viscoelastic 
damping  materiat'^l.  This  treatment  reduces 
the  ^e  reflection  coefficient  for  f  >  2  kHz  to 
-0.5,  estimated  from  the  quality  factor  of  the 
plate  modes,  as  displayed  in  Fig.  1.  Two 
hundred  8.89cm  x  8.89cm  x  7.62cm  lucite 
blocks  are  bonded  to  the  steel  plate  in  either 
a  periodic,  checkerboard  or  a  random 
pattern.  The  contact  material  is  'said',  which 
has  a  melting  point  of  45  C.  Due  to  the  poor 
wetting  of  salol  on  steel,  even  the  periodic 
arrangement  of  blocks  has  significant 
randomness  introduced  from  the  steel-lucite 
contacts.  The  excitation  source  used  is  a 
force  transducer,  (B&K  8203)  which 
produces  a  pulse  0.025-0.04  ms  in  duration 
in  an  area  less  than  1  mm^.  The  frequency 
content  of  the  pulse  is  flat  within  10%  from  0 
to  6  kHz.  The  detector  is  an  accelerometer 
(B&K  4384),  which  is  magnetically  attached 
to  the  pisde  and  measures  the  local  vertical  acceleration.  The  highly  polished  contact  surfaces  of  the 
accelerometer  magnet  and  the  plate  shifts  any  mounting  resonance  above  25  kHz.  The  signals  from 
both  the  force  transducer  and  the  accelerometer  are  analyzed  with  a  Dual  Channel  Signal 
Processor  (B&K  2032),  whose  output  is  the  transfer,  or  Green's,  function  H(f)  =  <a(f)*F(f)>/ 
<F(0*F(f)>,  where  a(f)  denotes  the  Fourier  transform  of  measured  acceleration,  F(f)  is  the  Fourier 
transform  of  the  excitation  force,  *  denotes  complex  conjugation,  and  the  angular  brackets  denote 
averaging  over  repeated  excitation-detection  measurements  under  identical  conditions.  In  general, 
the  averaging  process  reduces  both  electronic  noise  and  transient  signals  from  edge  reflections. 

Excitations  of  an  elastic  plateHl.  of  thickness,  cf,  can  generally  be  divided  into  two  frequency 
regimes  —  a  low  frequency  range  where  the  propagating  modes  are  two  dimensional,  and  a  high 
frequency  range  with  a  three  dimensional  character.  The  critical  frequency  separating  these 
regimes  is  Cs/2d,  where  Cs  is  the  shear  velocity.  For  the  steel  plate  of  2.S4cm,  f  >  65  kHz.  In  the 
frequency  range  of  interest,  0-6  kHz.  while  three  propagating  modes  are  possible  along  the  plate 
(longitudinal,  transverse  and  the  bending  mode)  only  the  bending  mode  is  excited  and  detected. 

The  wavelength  of  the  dispersive  bending  wave  in  meters,  Xe,  is  given  by  Xb  >  15.7^/r and  hence  in 
this  frequency  range  d«  Xb  as  well.  Comparison  of  the  experimental  spatial  intensity  distribution  of 
the  plate  excitation  at  t.5  kHz  is  in  excellent  agreement  with  cateulationi^^l  (a  changed  boundary 
condition  is  used)  including  the  separation  between  intensity  maxima  of  39  cm. 


Figure  1. 

A  comparison  of  the  square  of  the  magnitude 
of  velocity  transfer  function  for  the  infinite  and  finite 
steel  plate  (d  =  2.54cm)  with/without  edge 
attenuation.  The  flat  solid  line  is  theoretical 
calculation  for  infinite  plate  using  bending  wave 
approximation. 
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Figure  2  displays  the  frequency  spectrum  of  the  square  magnitude  of  the  velocity  transfer  function 
for  the  composite  system  with  the  lucite  blocks  arranged  in  a  checkerboard  pattern.  Excitation  and 
detection  are  along  lines  parallel  to  the  edge  of  the  plate  and  separated  by  a  distance  of  I60cm. 
There  are  three  frequency  regimes  in  Fig.  2:  (1),  for  f  <  2  kHz,  the  response  is  characterized  by 
numerous  sharp  resonance  peaks  of  the  modes  of  the  plate;  (2),  for  f  >  3.5  kHz,  there  is  a  broad 
frequency  response  with  broadened  modal  peaks  due  to  damping  of  edge  reflections;  (3),  for  2  kHz 
<  f  <  3.5  kHz,  the  square  of  the  magnitude  of  the  velocity  transfer  function  is  roughly  three  orders  of 
magnitude  smaller  (basically  indistinguishable  from  noise)  from  the  response  in  the  other  two 
regimes.  In  this  gap  regime  Xe  is  of  the  order  of  two  to  four  lucite  blocks.  The  same  frequency  gap  is 
found  when  the  source-detector  lines  are  rotated  45°,  which  indicates  the  gap  is  isotropic,  and  is  not 
due  to  the  Brillouin  zone  effects. 


Figure  2. 

The  square  of  the  displacement  velocity  transfer 
function,  expressed  as  |H|2(f)/f2,  for  the  line  source¬ 
line  detector  configuration  at  a  separation  of  160  cm. 
Two  hundred  lucite  blocks  are  glued  on  the  steel 
plate  in  a  checkerboard  pattern.  The  spatial 
dependence  of  |H|2(f)/f2  at  five  different  frequencies 
are  mapped  at  a  fine  mesh  of  detector  locations  by 
using  a  fixed  point  source.  Localization  is  clearly 
seen  in  the  frequency  gap  extending  from  2  kHz  to 
3.5  kH. 


The  spatial  intensity  distributions  of  the  velocity 
transfer  function  at  five  different  frequencies  are  also 
shown  in  Figure  2.  The  spatial  distributions  were 
mapp^  with  a  fine  mesh  of  detector  locations  for 
excitation  at  a  fixed  point  on  the  plate.  For  f  =  1.5  kHz 
and  f  =  4.4  kHz,  the  spatial  modes  are  essentially 
identical  to  those  of  the  bare  steel  plate.  In  contrast, 
for  the  g^  regime  the  responses  are  localized,  and 

characterized  by  high  peaks  for  each  frequency  with  a  rapid  decay.  The  position  of  the  peak  is 
independent  of  the  source  position  as  long  as  the  source  remains  inside  the  spatial  domain  where 
the  mode  has  significant  amplitude,  with  an  exponential  decay  of  the  envelope.  At  2.8  kHz,  the 
decay  length  is  as  small  as  12  cm,  of  the  order  of  the  lucite  block  diagonal.  This  surprisingly  small 
localization  length,  40%  of  Xb  at  2.8  kHz,  can  only  be  understood  on  the  basis  of  a  strong  interaction 
between  lutite  blocks  and  the  steel  plate  which  has  completely  altered  the  character  of  the  bending 
wave.  Indeed,  the  excitation  of  the  plate  outside  the  localized  domain  exhibits  a  ’quiescent  state’ 
which  is  characterized  by  both  vertical  and  horizontal  displacements  (as  measured  by  detectors 
placed  on  the  sides  of  the  lucite  blocks)  falling  below  background  and  system  noise. 


Figure  3. 

The  spatial  dependence  of  lH|2(f)/f2  at  the 
frequency  of  2.8  kHz  measured  from  the  center 
area  (80cm  x  80cm)  of  the  steel  plate,  which 
shows  the  spatial  orthogonality  property  of  the 
localized  mode.  The  left  was  measured  with  the 
point  source  located  in  the  center  of  the  plate 
which  has  four  lucite  blocks  bonded  to  it,  as 
indicated  by  the  caption  at  left  corner.  The  spatial 
dependence  of  |H|2(f)/f2  at  the  right  was  measured 
as  the  point  source  located  in  the  center  of  sixteen 
blocks  bonded  on  the  plate. 
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Localized  modes  should  be  insensitive  to  the  conditions  outside  the  localization  length.  This 
hypothesis  was  verified  in  a  separate  experiment  by  removing  successive  layers  from  a  square 
array  of  two  hundred  lucHe  blocks  centered  at  the  intensity  peak  of  the  spatially  localized  mode.  It  is 
fourid  that  the  mode  at  f  =  2.8  kHz  does  not  alter  its  configuration  up  to  the  removal  of  the  third  layer 
of  6x6  blocks  from  the  center.  Placing  the  source  on  the  steel  plate  outside  the  third  layer  does  not 
excite  the  localized  mode,  as  expected  from  the  spatial  orthogonality  property  of  a  localized  mode. 
Spatial  orthogonality  of  this  mode  is  also  strikingly  illustrated  by  the  fact  that  the  excitation  spreads 
around  the  domain  of  the  localized  state,  leaving  it  an  island  of  quietitude,  as  shown  in  the  left  of 
Fig.  3.  However,  with  the  removal  of  the  third  layer  the  intensity  peak  drops  abruptly  (by  40%), 
together  with  the  appearance  of  plate  response  everywhere  on  the  plate,  which  is  indicated  on  the 
right  part  in  Fig.  3.  This  last  observation  confirms  that  the  localization  is  not  due  to  local  dissipation 
(within  the  bk)^  or  at  the  contact  area)  because  dissipation  is  local  in  nature,  and  thus  can  not  be 
the  cause  of  the  observed  large  non-local  effect. 


Figure  4. 

The  left:  the  bare  plate  mode  at  2.8  kHz.  The 
right:  the  square  of  the  difference  of  the  spatial 
velocity  transfer  function  with/without  a  single 
lucite  block  bonded  on  the  center  of  the  steel  plate 
for  f  >  2.8  kHz,  which  shows  the  effect  of  a  bonded 
lucite  block  to  the  bending  wave  at  the  block 
resonant  frequency  range.  The  plate  was  excited 
by  a  point  source  located  near  the  edge  of  the 
plate,  and  the  spatial  dependence  of  the  velocity 
transfer  function  was  mapped  with  a  fine  mesh  of 
detector  locations. 

Indeed,  no  localization  can  be  found  for  a  single  block  where  multiple  scattering  is  absent.  Figure 
4  displays  the  effect  of  bending  wave  scattered  by  a  single  lucite  block  bonded  on  the  steel  plate. 
The  spatial  difference  of  the  intensity  distribution  of  the  velocity  transfer  function  at  2.8  kHz 
with/without  the  lucite  block  is  plotted  on  the  right  of  Fig.  4,  and  a  comparison  is  made  by  the  bare 
plate  mode  at  2.8  kHz  shown  at  the  left. 

Figure  5. 

The  solid  line  denotes  the  square  of  the 
displacement  velocity  transfer  function,  lH|2(f)/f2, 
for  point  source  point  detector  configuration  with  a 
separation  of  160  cm.  The  dashed  line  denotes 
the  ^uare  of  the  displacement  velocity  transfer 
function  when  the  source  is  present  on  the  steel 
plate  and  the  detector  is  attached  to  the  side  of  a 
lucite  block  with  a  separation  between  the  source 
and  the  detector  80  cm.  The  three  peaks 
delineated  by  the  dashed  line  represent 
resonance  modes  of  the  lucite  block.  The  vertical 
arrows  indicate  the  frequency  positions  of  finite 
element  calculation  of  block  shear  resonances. 


Measurements  were  repeated  for  a  random  arrangement  of  lucite  blocks  in  a  square  array.  A 
point  source/point  detector  configuration  was  used.  As  shown  in  Fig.  5,  the  velocity  transfer  func)  .'n 
exhibits  a  frequency  gap  between  2  kHz  and  3.5  kHz.  Figure  5  also  shows  the  frequency  response 
of  a  lucite  bkndt  bomM  on  the  steel  olate  with  an  accelerometer  attached  on  the  side  of  the  block. 

We  draw  several  conclusions  from  both  F'lg.  2  and  Fig.  5.  First,  coherent  scattering  due  to  periodic 
mass-loading  is  not  the  source  of  the  observed  frequency  gap  between  2  kHz  and  3.5  kHz.  Finite 
element  calculations  for  an  infinite  steel  plate  of  uniform  d  *  2.54  cm  thickness,  where  the  mass  of 
the  lucite  blocks  is  modeled  as  a  periodic  modulation  of  density,  show  that  the  induced  gap  in  the 
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velocity  transfer  function  is  smaller  than  100  Hz,  aiid  also  strongly  dependent  on  direction,  with  its 
center  frequency  varying  from  >2  kHZ  in  {10}  direction  to  -4  kHz  in  {11}  direction.  The 
superimpo^  poiwer  spectrum  of  the  shear  response  of  the  ludte  block  coincides  preciseiy  with  the 
gap  and  inrScates  that  strong  resonant  coupling  of  bending  waves  to  a  ludte/plate  shear  mode  is 
responsible  for  the  observed  frequency  gap  of  Fig.  2  (and  Fig.5.)  The  role  of  resonant  scattering  in 
enhancing  localization  has  been  predicted  by  numerous  theoretical  catculationsi^^'^*!  and  Fig.  5 
strongly  supports  this  view. 


Figure  6.  * 

The  configurations  of  three  shear  resonance 
modes  calculated  by  the  finite  element  method. 

For  f  ••  2.36  and  2.48  kHz,  the  dominant  motion  is  | 
represented  by  the  relative  shear  of  the  upper  1 
lucite  block  surface  relative  to  the  steel  plate  along  ~ 
the  diagonal  direction,  accompanied  by  a  slight 
relative  vertical  shift  of  the  two  corners.  One  of 
these  two  degenerate,  purely  shear,  modes  has  — 
motion  along  the  {10}  direction,  and  the  other  • 
along  the  {01}  direction.  The  vertical  displacement  s 
is  plotted,  in  arbitrary  units,  along  the  line  AA'.  The 
configuration  of  the  higher  frequency  mode  at  3.28 
kHz  clearly  indicates  it  as  a  torsional  mode. 

To  explore  the  effect  of  resonance  scattering  in  enhancing  localization,  a  finite  element 
calculation  was  carried  out  by  dividing  a  single  lucite  block  into  8x8x9  elements,  with  traction-free 
boundary  conditions  on  five  sides  and  the  sixth,  8.89cm  x  8.89cm,  side  joined  on  to  a  8.89cm  x 
8.89xm  X  2.54cm  steel  plate, with  the  bottom  of  the  steel  plate  fixed  at  four  corners.  The  steel  plate  is 
divided  into  8x8x3  elements.  The  three  lowest  vibrational  eigenstates  obtained  have  the  character 
of  shear  and  torsional  resonances  with  the  frequencies  of  2.36,  2.48  and  3.28  kHz,  as  indicated  by 
the  arrows  in  Fig.  5.  These  modes  are  separated  by  more  than  1  kHz  from  the  next  higher 
resonance  mode  and  span  the  observed  frequency  gap  between  2  and  3.5  kHz.  The  configuration 
of  the  three  shear  resonance  modes  are  plotted  in  Fig.  6.  It  is  seen  that  whereas  the  two  lower- 
frequency  modes  involve  the  relative  shear  of  the  upper  block  surface  with  respect  to  the  bottom  in 
the  diagonal  directions,  the  higher-frequency  mode  is  torsional  in  character.  Since  for  a  given 
displacement  the  relative  shear  in  these  modes  should  increase  as  the  block  height  is  decreased,  it 
is  expected  that  the  restoring  force,  and  hence  the  resonance  frequency,  should  vary  inversely  with 
the  block  height.  A  check  with  both  the  measurement  of  shear  resonances  for  a  single  block  bonded 
on  the  steel  plate  and  the  finite-element  calculation  show  this  is  indeed  the  case. 

Figure  7. 

The  inverse  exponemial  decay  length,  , 
for  the  amplitude  plotted  as  a  function  of 
frequency.  The  decay  length  is  measured  by  the 
line-source-line  detector  configuration  through 
the  variation  of  the  source-detector  separation. 

The  solid  line  is  linear  fit  by  l(f^=  0.09(f-fo). 
where  fg  =  3.5  kHz,  f  is  in  units  of  kHz,  and  Id  is 
in  units  of  cm. 


The  transition  between  the  localized  and  the 
more  extended  states  of  the  lucite  block  and 
steel  plate  system  is  also  of  theoretical 
interest.!’ 7-1*1  In  two  dimensions,  waves  of  every  frequency  are  localized  in  the  presence  of  any 
disorder,  and  there  can  not  bo  a  tnjo  mobility  edge.  Nevertheless,  it  has  been  conjectured  that  there 
could  bo  'quasi  mobility  edge(s)’  in  a  two-dimensional  disordered  systemIi7.i8,2oi  which  separate 
strongly  localized  states  from  those  whoso  localization  lengths  may  be  transcendentally  large  or 
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even  power-law  localized  instead  of  exponentially  localized. 

We  have  measured  the  exponential  decay  length  of  the  intensity  as  a  function  of  frequency  in 
both  source-detector  configurations,  and  found  it  to  increase  rapidly  as  the  edge  of  the  frequency 
gap  is  approached.  In  Fig.  7,  the  inverse  of  the  measured  amplitude  decay  length,  is  plotted  as 
a  function  of  frequency.  A  linear  relationship  is  seen  up  to  /(f  «100  cm,  which  is  about  half  the  size  of 
the  total  system.  A  linear  fit  to  the  data  yield  »  1 1  (fg-f)"'  cm,  where  f  and  fg  are  expressed  in  kHz, 
and  fg  -  3.5  kHz.  This  behavior  is  suggestive  of  a  “quasi  mobility  edge*  at  f  =  fg.  Due  to  the  finite  size 
of  the  system,  the  true  nature  of  the  states  for  f  >  fg,  and  whether  they  are  power-law  or 
exponentially  localized,  is  impossible  to  determine  in  this  experiment. 

In  conclusion,  we  have  observed  the  first  spatial  localization  of  bending  waves  in  a  composite 
system  over  the  relatively  broad  frequency  range  from  2  -  3.5  kHz.  The  physical  mechanism  for  the 
localization  is  resonant  scattering  of  bending  waves  by  three  shear  resonances  of  the  coupled  tucite 
block/plate  system.  The  minimum  attenuation  length  is  12  cm,  which  is  in  the  order  of  a  block 
diagonal  and  about  40%  of  the  wavelength  of  the  bending  wave.  The  significant  attenuation  of 
bending  waves  by  the  relatively  light  mass  suggests  that  the  mechanism  may  have  practical 
applications  for  broad  baruf  attenuation  of  solid  borne  sound  in  structures. 

The  authors  are  grateful  to  G.  V.  Storch  and  D.  J.  Goldfarb  for  their  technical  support,  and  to  P.  K. 
Dixon  for  the  helpful  suggestion  of  using  “salor  as  bonding  material. 
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ABSTRACT 

A  method  of  measuring  the  surface  impedance  In  a  free  field  Is 
presented.  New  measurements  at  frequencies  up  to  10  kHz  !>'‘e  compared  with 
predictions  obtained  by  the  use  of  the  characteristic  dlmen..lons. 

INTRODUCTION 

The  Kundt  tube  method  cannot  be  used  at  oblique  Incidence  and  offers 
some  drawbacks.  The  high  frequency  range  can  be  reached  only  If  the  tube 
has  a  small  diameter,  and  the  preparation  of  homogeneous  samples  can  be 
difficult  for  these  geometries.  A  method  previously  described  In  Ref.  [1  1 
Is  set  out,  and  the  accuracy  of  the  method  Is  verified  at  high  frequencies. 
In  a  frequency  range  where  the  acoustical  properties  of  the  studied 
material  can  be  predicted  with  no  adjustable  parameters. 

THE  METHOD 

A  sketch  of  the  measurement  set  up  Is  represented  In  Figure  1. 


Two  small  electret  microphones  are 
set  at  and  above  a  sample  of 

porous  material  of  several  m^. 
Typically.  Is  located  0.5  cm  and 

M  1.5  cm  from  the  material.  The 
2 

source  S  Is  located  several  meters 
from  the  microphones.  If  the 
distance  from  the  source  to  the 
microphones,  and  the  area  of  the 
material  Is  large  enough,  the 
acoustic  field  around  the 
microphones  Is  not  noticeably 
different  from  the  acoustic  field 
Induced  by  a  plane  Incident  wave 
above  a  porous  layer  of  Infinite 
lateral  dimensions.  The  angle  of 
Incidence  is  d.  Let  P.v^  and  P'.v^  be  the  pressure  and  the  component  of 

velocity  for  the  Incident  and  the  reflected  wave  respectively  : 


Figure  1  -  Free  field  neasureaent 
of  the  surface  iapedance 
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p(x^.x^)  =  a  exp  |j(-  kx^ 


slntf  -  kx^  cos«)l 


(1) 


,  ,  acosd 

=  ~Z 


Sd  f 

—  exp 

c  ^ 


J  (-  kx^sind  -  kx^cosd)j.  (2) 


p’ (x^  ,x^)  =  R(d)  a  exp|j^(-  kx^sind  -  kx^cosd)jj,  (3) 


t  /  \  /  A  \  OOS^ 

v‘(x^.x^)  -  *R(«)  a  —  exp 


|j|(“  kx^sln#  +  kx^cosd)jj, 


(4) 


where  k  and  Z  are  the  wave-number  and  the  characteristic  impedance  in  air. 

c 

The  quantity  Rid)  is  the  reflection  coefficient,  which  can  be 
rewritten  : 


exp(J  kd  co.-.d)  -  exp(J  kd  cosd)  p(M  )  /  p(M  ) 

Rid)  =  - - - = - ! - — 

expij  kd^  cosd)  p(M^)/p(M^)  -  exp(-Jkd^  cosd) 


C5) 


and  the  surface  Impedance  is  given  by  : 


Z  slnikd  cosd)  -  sinikd  cosd)  p(M  )  /  p(M  ) 

Zid)  =  j  — ^  — - ' - - — .  (6) 

cosd  cos  (kd  cosd)  p(M  )/p(H  )  -  cos(kd  cosd) 

2  12  1 


As  in  the  case  of  the  Kundt  tube,  phase  and  amplitude  mismatches 
between  the  two  signal  channels  have  to  be  taken  into  account  and  a  eclse 
relative  calibration  must  be  performed. 


VALIDATION  OF  THE  METHOD  AT  HIGH  FREQUENCIES 

For  a  porous  material  having  a  rigid  frame,  the  propagation  constant 
k  and  the  characteristic  impedance  Z  of  the  waves  propagating  in  the 
material  are  given  by  : 


k 

m 


✓  e 

K 


(7) 


Z^  =  ✓  pK  (8) 

where  p  and  K  are  an  effective  mass  which  takes  into  account  the  viscous 
forces  and  the  tortuosity,  and  K  is  the  dynamic  bulk  modulus  of  the  air  in 
the  material.  Johnson,  Koplik,  and  Dashen  12)  have  shown  that  p  at  high 
frequencies  can  be  written  : 
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p  =  [l  *  (1-J)  ^  ] . 


where  5  is  the  viscous  skin  depth.  k  the  tortuosity,  and  A  a 

characteristic  dimension  for  the  viscous  forces.  In  the  same  way,  Champoux 
and  Allard  [3J  have  shown  thac  the  bulk  modulus  K  at  high  frequencies  is 
given  by  : 


=  rP/[r-(r-i)  ti-d-J)  ^1  ] 


(10) 


where  A’  is  a  characteristic  dimension  for  the  thermal  exchanges  between 
the  frame  and  the  air  in  the  porous  material,  B  the  square  root  of  the 
Prandtl  number.  P  the  atmospheric  pressure,  and  y  the  ratio  of  the 

o 

specific  heats  of  alr.Slightly  more  complicated  expressions  of  K  and  p  are 
given  in  Refs,  {'il  and  (31  for  the  medium  frequency  range,  which  present 
the  adequate  asymptotic  behavior. 


P  =  P. 


<r^ 


1  + 


Jup  k 


1  ♦ 


.  2  1/2. 
4Jk  TIP  U  N  ' 


2.2,2 
<r  A  ^ 


(11) 


K  =  yP  / 


y-(y-l) 


1  + 


8t» 


JA’^B^ijp 


(1  +  JP. 


161) 


(12) 


where  p  and  i)  are  the  density  and  the  viscosity  of  air,  and  <r  and  <p  the 

O 

flow  resistivity  and  the  porosity  of  the  material.  It  was  shown  by  Allard 
and  Champoux  [4]  that  at  normal  incidence  for  the  case  of  materials  like 
glass-wools  made  cup  of  cylindrical  fibers  of  radius  R  lying  in  planar 
planes,  A  and  A’  were  given  by 


A  =  l/(2itRL)  .  (13) 

A’  =  2A  ,  (14) 

where  L  is  the  total  length  of  fibers  per  unit  volume  of  material.  The 
surface  Impedance  Z  was  calculated  for  a  glass  wool  having  a  tortuosity  and 
a  porosity  close  to  one,  and  <r.  A,  and  A'  equal  to  : 

.-A  -<i  ^  <1 

A  =  /Y*l  ,  A’  <r  =’J,iO  Wlm.4. 

The  surface  impedance  is  given  by  : 
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2  =  -J  2_  cotg  e  . 

where  e  Is  the  thickness  of  the  material,  equal  to  .and  Z  ,  and  k  , 

are  given  by  Eqs. (9)  and  (10). 


Figure  2  -  The  surface  liapedance  at 
normal  incidence  of  a  layer  of  glass 
wool  at  high  frequencies. 

Measureiaent  ••• 

Prediction  by  Eqs.  {11)-{12)  - 

Prediction  by  the  empirical  laws  of 
Delany  and  Bazley  - 


The  predicted  and  the  measured 
surface  Impedances  are  represented 
In  Figure  2.  There  is  a  good 
agreement  between  prediction  and 
measurement.  It  may  be  noticed  that 
at  frequencies  higher  than  1000  Hz, 
the  measurement  can  be  performed 
with  samll  samples  of  material  of 
area  0.  4  x  0.  4  m^. 


CONCLUSION 

The  method  presented  is  very  simple,  and  does  not  offer  the  drawbacks 

of  the  Kundt  tube.  It  Is  not  destructive,  and  can  be  used  in  situ  on  small 

samples  of  material  at  high  frequencies. 
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ABSTRACT 

A  dynamic  mechanical  apparatus  (Seiko  Instruments  Model  DMS  110)  was 
used  to  determine  complex  Young's  modulus  on  a  soft  elastomeric  material  (a 
polyurethane),  a  rigid  plastic  (polymethylmethacrylate),  and  steel.  The 
modulus  is  determined  by  bending  a  beam.  The  ends  of  the  beam  are  clamped, 
while  the  center  of  the  beam  is  driven  at  fixed  frequencies  between  o.oi 
and  100  Hz.  It  was  found  that  the  modulus  measured  on  the  soft  material 
varied  by  50  percent  when  the  clamping  pressure  was  varied  by  a  factor  of 
two.  It  was  also  found  that  the  measured  modulus  varied  up  to  17  percent 
over  a  two  hour  period  even  though  no  changes  were  made  to  the  instrument. 
The  modulus  of  the  rigid  materials  did  not  show  as  much  variation  as  the 
soft  material.  It  is  concluded  that  instruments  of  this  type  are  very 
sensitive  to  clamping  pressure. 

INTRODUCTION 

Dynamic  mechanical  techniques  are  used  to  characterize  polymeric 
materials  for  sound  and  vibration  damping  applications.  There  are  many 
commercial  instruments  [1]  as  well  as  apparatus  that  were  developed  in 
laboratories  [2]  but  are  not  sold  commercially.  Round  robin  testing  [3] 
comparing  many  of  these  instruments  has  shown  that  data  from  these 
instruments  can  differ  from  each  other  and  that  extreme  care  must  be  taken 
in  obtaining  accurate  results.  In  many  applications,  accurate  measurements 
are  needed  in  order  to  predict  the  damping  performance  of  a  polymeric 
material  in  a  designed  structure.  In  order  to  determine  the  accuracy  and 
precision  of  a  new  instrument,  it  is  necessary  to  make  measurements  under 
carefully  controlled  conditions. 

A  dynamic  mechanical  apparatus  (Seiko  Instruments  Model  DMS  110)  was 
evaluated.  This  paper  will  briefly  describe  the  apparatus,  present  the 
results  on  thi.ee  different  materials,  discuss  the  effect  of  clamping 
pressure  on  the  measurements,  and  determine  the  accuracy  and  precision  of 
the  apparatus. 

EXPERIMENT* 

The  dy-iamic  mechanical  apparatus  (Seiko  Instruments  Model  DMS  110) 
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uses  a  forced  vibration  nonresonant  nethod.  The  complex  modulus  is 
determined  from  the  amplitude  and  phase  difference  between  the  applied 
sinusoidal  force  and  the  strain  induced  in  the  sample.  The  apparatus  can 
be  operated  in  a  temperature  range  from  -150  to  500 *C  and  at  13  discrete 
frequencies  between  0.01  to  100  Hz.  A  computer  is  used  to  automate  the 
measurements  and  analysis.  A  special  function  key  is  provided  on  the 
computer  keyboard,  which  allows  a  quick  determination  of  the  modulus  at  one 
frequency  as  opposed  to  using  a  programmed  measurement.  This  function  key 
was  used  in  most  of  the  measurements  reported  here.  A  flexural  test 
fixture  is  provided  to  determine  the  complex  Young’s  modulus,  while  a  shear 
test  fixture  is  provided  to  obtain  complex  shear  modulus.  The  complex 
Young's  modulus  is  defined  as  Y*  =  Y*  +  iY**,  where  Y’  is  the  real  part  or 
storage  modulus,  Y’’  is  the  imaginary  part  or  loss  modulus,  and  i*  =  -1. 

The  loss  factor  is  defined  as  Y*’/Y'.  The  shear  modulus  can  be  also 
defined  in  a  similar  manner  as  the  Young's  modulus.  In  this  paper,  the 
storage  modulus  will  be  referred  to  as  Young's  modulus. 

Measurements  were  made  using  only  the  flexural  test  fixture,  while  the 
shear  teat  fixture  was  not  used.  Using  the  flexural  test  fixture,  the  ends 
and  the  center  of  the  sample  are  clamped  as  shown  in  Figure  1.  The  center 
of  the  sample  is  mechanically  driven.  The  clamping  pressure  is  adjusted  by 
tightening  the  screws  on  the  clamps.  The  instruction  manual  did  not  give 
any  recommendation  on  this  pressure.  It  was  found,  as  will  be  discussed 
later  in  more  detail,  that  the  measured  modulus  is  dependent  on  the  applied 
clamping  pressure.  For  the  measurements  made  here,  a  torque  screwdriver 
was  used  to  apply  a  known  clamping  pressure.  The  same  torque  value  was 
used  on  each  clamp. 

For  this  test  fixture,  the  manufacturer's  specifications  state  that 
materials  with  modulus  between  10''  and  10°  MPa  can  be  tested.  '  Three 
materials  were  selected  to  cover  this  range  of  modulus  values.  A  soft 
elastomeric  material  (polyurethane)  was  chosen  for  the  low  end  of  the 
recommended  range,  a  rigid  plastic  (polymethylmethacrylate  PMMA)  was  chosen 
for  the  middle  of  the  range,  and  steel  was  chosen  for  the  high  end  of  the 
range . 

Three  types  of  measurements  were  made.  In  the  first  measurement. 
Young's  modulus  was  measured  as  a  function  of  time  at  23 *C  and  1  Hz  using 
torque  values  ranging  from  0.014  to  0.71  N-m  for  the  three  materials.  For 
the  polyurethane,  torque  values  in  the  low  end  of  this  range  were  used 
because  at  values  greater  than  0.14  N-m  the  sample  was  noticeably  deformed 
by  the  clamps.  For  PHMA,  higher  torque  values  (0.07  to  0.56  N-m)  were 
used.  For  steel,  the  highest  values  were  used  (0.14  to  0.71  N-m).  A 
procedure  was  devised  such  that  only  one  sample  of  each  material  was  used. 
This  procedure  was  the  following:  1)  a  sample  was  clamped  in  the  fixture 
starting  with  the  lowest  torque  value  to  be  tested,  2)  Young's  modulus  was 
measured  as  a  function  of  time,  using  the  function  key,  for  at  least  one 
hour,  3)  on  the  same  sample,  the  clamping  pressure  was  increased  to  the 
next  higher  torque  value  and  step  2  was  repeated,  4)  step  3  was  repeated  up 
to  the  highest  torque  value. 

In  the  second  measurement.  Young's  modulus  and  loss  factor  were 
determined  as  a  function  of  temperature  from  23  to  180 *C  at  a  programmed 
heating  rate  of  l*C/min  on  two  PMMA  samples  using  two  different  torque 
values.  These  measurements  were  made  at  a  frequency  of  1  Hz.  These 
measurements  were  in  the  program  mode,  not  using  the  function  key. 

In  the  third  measurement.  Young's  modulus  was  determined  as  a  function 
of  sample  thic]cness  (0.20,  0.25,  0.38,  and  0.52  mm)  at  23'C,  1  Hz,  and  a 
torque  value  of  0.35  N-m  for  steel.  The  function  key  was  also  used  in  this 
measurement. 

The  length  and  width  of  the  polyurethane  and  PMMA  test  samples  were 
nominally  50  mm  long  and  10  mm  wide.  The  length  of  the  steel  samples  was 
76  mm  with  a  width  of  10  mm.  The  distance  between  either  end  clamp  and  the 
center  clamp  is  10  mm.  Thus,  the  total  length  between  the  clamps  was  20 
mm,  which  was  used  in  the  determination  of  modulus  and  loss  factor.  The 
thickness  for  the  polyurethane  samples  was  about  2  mm  and  for  PMMA  was 
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about  1.5  nn.  The  steel  thickness  was  already  mentioned  2tbove. 

RESULTS  AND  DISCUSSION 

young’s  modulus  versus  time  for  the  polyurethane  is  shown  Figure  2  for 
two  different  torque  values  at  1  Hz  and  23*C.  The  modulus  near  time  zero 
(about  30  seconds  of  elapsed  time)  is  about  seven  percent  lower  than  the 
modulus  after  two  hours  at  a  torque  value  of  0.07  N-m.  Increasing  the 
torque  by  a  factor  of  two,  the  modulus  curve  at  0.14  N-m  is  about  50 
percent  lower  than  the  curve  at  0.07  N-m.  Also  the  initial  modulus  is 
about  17  percent  less  than  the  modulus  after  two  hours  at  0.14  N-m.  The 
change  in  modulus  as  a  function  of  time  is  unexpected,  since  no  adjustments 
were  made  to  the  Instrument  at  any  time  during  the  measurement.  It  is 
believed  that  the  sample  is  creeping  in  the  clamps.  The  clamping  pressure 
is  decreasing  with  time,  which,  as  shown  below,  leads  to  an  increase  in  the 
modulus . 

To  Illustrate  this  point.  Young's  modulus  for  the  polyurethane  is 
plotted  as  a  function  of  torque  at  1  Hz,  23‘C,  and  for  a  given  time  of  5 
minutes  in  Figure  3 .  A  smooth  curve  is  drawn  through  the  data  points . 
Interpolating  between  the  data  points,  the  modulus  increases  with 
decreasing  torque  for  the  two  torque  values  of  0.07  and  0.14  N-m.  A  broad 
maximum  occurs  at  a  torque  value  of  about  0.028  N-m  with  a  modulus  value  of 
52  MPa.  The  lowest  modulus  value  is  about  32  MPa  at  0.14  N-m.  The 
difference  between  the  highest  and  lowest  value  of  the  modulus  is  about  62 
percent. 

An  Independent  measurement  of  the  modulus  was  made  using  the  well 
established  resonance  apparatus  [2,4].  The  operating  principle  of  the 
resonance  apparatus  is  based  on  producing  resonances  in  a  bar  test  sample. 
Measurements  are  made  over  1.5  decades  of  frequency  in  the  kHz  region.  For 
the  polyurethane,  measurements  were  made  over  a  temperature  range  of  15  to 
70 ‘C.  Time-temperature  superposition  [5]  was  used  to  extend  the  data  to 
frequencies  lower  than  actually  measured.  The  resulting  modulus  from  the 
resonance  apparatus  is  33  MPa  at  30  Hz  and  room  temperature.  As  shown  in 
Figure  2,  this  modulus  is  in  the  middle  of  the  range  of  values  found  in  the 
Seiko  Instrument  at  1  Hz  as  a  function  of  time  for  a  torque  of  0.14  N-m. 

For  a  torque  of  0.07  N-m,  the  Seiko  value  is  higher  than  the  resonance 
value  by  50  percent.  It  was  found  by  measuring  two  different  polyurethane 
samples  that  the  precision  of  the  Seiko  measurements  is  about  ±5  percent 
for  a  given  torque  value. 

Young's  modulus  versus  time  curves  at  1  Hz,  23’C,  and  four  different 
torque  values  (0.07,  0.14,  0.35,  and  0.56  N-m)  for  PMHA  are  shown  in  Figure 
4.  The  modulus  increases  with  increasing  time,  similar  to  the 
polyurethane.  However  the  difference  between  the  Initial  modulus  (30 
seconds  of  elapsed  time)  and  the  modulus  after  1  hour  is  on  average  5 
percent,  which  is  a  smaller  increase  than  for  the  polyurethane.  It  is 
possible  to  measure  a  modulus  as  low  as  3  GPa  (0.07  N-m)  and  as  high  as  4.9 
GPa  (0.56  N-m),  which  is  60  percent  difference.  Nielsen  [6]  has  reported  a 
shear  modulus  determined  by  torsional  pendulum  on  PHMA  to  be  1.1  GPa  at 
room  temperature.  To  convert  shear  modulus  to  Young's  modulus,  the 
Poisson's  ratio  must  be  known.  Using  estimates  of  Poisson's  ratio  between 
0.35  and  0.5,  the  estimated  Young's  modulus  values  are  between  2.9  and  3.3 
GPa.  From  these  estimated  modulus  values,  the  torque  value  one  would  use 
with  PMHA  is  0.07  N-m.  It  was  found  by  measuring  two  different  FWfA 
samples  that  the  modulus  is  reproducible  to  within  ±1  percent  for  a  given 
torque  value.  The  agreement  may  be  fortuitous,  since  the  comparison  was 
done  only  at  room  temperature.  It  is  possible  that  the  clamping  pressure 
may  change  with  temperature  due  to  the  difference  between  the  thermal 
expansion  of  the  sample  and  clamps.  Then  it  may  be  difficult  to  separate 
the  effects  of  clamping  pressure  and  temperature  on  the  modulus. 

To  illustrate  the  effects  of  temperature  and  clamping  pressure  on 
modulus  and  loss  factor,  two  PMHA  samples  were  measured  as  a  function  of 
temperature  at  two  different  torque  values.  Data  for  the  first  sample  was 
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obtained  using  a  torque  value  of  0.35  N-m.  The  results  are  shovm  in  Figure 
5.  Data  for  the  second  sample  was  obtained  by  a  different  operator  with  an 
unspecified  torque.  A  comparison  of  the  two  measurements  will  demonstrate 
the  variability  of  results  between  two  users.  The  percent  difference  in 
Young ' s  modulus  and  loss  factor  between  the  two  measurements  is  shown  in 
Table  1  at  six  different  temperatures.  The  first  three  temperatures  (22.8, 


'  ■  1 

Table  1:  Percent  Difference  in  Young's  Modulus  and  Loss  I 

Factor  Between  Two  Measurements  on  PMMA  as  a  Function  of  I 

Temperature  | 

TEMPERATOSE 

CC) 

PERCENT  DIFFERENCE 
IN  YOUNG'S  MODULUS 

PERCENT  DIFFERENCE  1 
IN  LOSS  FACTOR  | 

22.8 

27 

46.5 

27 

-23 

74.6 

18 

-*• 

102 

4 

126 

5 

a 

158 

-8 

-3  1 

46.5,  and  74.7*C)  are  in  the  glassy  region  of  PMMA,  the  next  two  higher 
temperatures  (102  and  126'C)  are  in  the  region  of  the  glass  transition,  and 
the  final  temperature  (158’C)  is  in  the  melt  region.  The  differences  are 
large  in  the  glassy  region,  the  smallest  in  the  glass  transition,  and 
becoming  large  again  in  the  melt  region. 

Young's  modulus  for  steel  at  1  Hz  and  23 *C  increases  with  increasing 
time  for  a  given  torque  value,  but  the  increase  is  only  about  2  percent 
(Figure  6) .  A  range  of  modulus  values  (216  to  246  GPa)  can  be  obtained 
depending  on  the  torque  values  (0.14  to  0.71  N-m)  used.  From  the 
literature  [7],  a  value  of  Young's  modulus  was  found  to  be  207  GPa,  which 
is  within  4  percent  of  the  lowest  value  measured  here.  It  was  found  that 
the  modulus  can  be  reproduced  to  within  ±1  percent  for  a  given  torque 
value. 

Young's  modulus  at  0.35  N-m  deceases  with  Increasing  steel  thickness 
as  shown  in  Figure  6.  The  lowest  modulus  value  for  a  thickness  of  0.52  mm 
is  139  GPa  and  the  highest  modulus  value  for  a  thickness  of  0.20  mm  is  232 
GPa. 

CONCLUSIONS 

A  dynamic  mechanical  apparatus  (Seiko  Instruments  DHS  110)  was 
evaluated  to  determine  the  effects  of  clamping  pressure,  temperature,  and 
sample  thickness  on  Young's  modulus  and  loss  factor.  Measurements  were 
made  on  three  materials:  a  soft  polyurethane,  rigid  PMMA,  and  steel.  Based 
on  these  measurements,  the  following  conclusions  were  reached: 

•  Young's  modulus  increases  with  time  when  the  samples  are  clamped  in 
the  flexural  test  fixture.  Young's  modulus  increases  by  as  much  as  17 
percent  for  the  polyurethane,  5  percent  for  PMMA,  and  2  percent  for  the 
steel . 

•  Young's  modulus  is  dependent  on  the  torque  used  in  clamping  the 
sample.  For  polyurethane,  the  modulus  is  32  MPa  at  a  high  torque  value  of 
0.14  N-m.  However,  at  a  low  torque  value  of  0.028  N-m,  the  modulus  is  52 
MPa.  For  PMMA,  the  modulus  varies  from  3.0  to  4.9  GPa  using  torque  values 
ranging  from  0.07  to  0.56  N-m.  For  steel,  the  modulus  varies  216  to  246 
GPa  for  torque  values  ranging  from  0.14  to  0.71  N-m. 
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A  The  effect  of  clamping  pressure  and  temperature  on  the  modulus  and 
loss  factor  was  determined  by  comparing  measurements  made  on  two  PHHA 
samples.  Differences  of  27  percent  in  modulus  and  18  percent  in  loss 
factor  were  found  at  temperatures  in  the  glassy  region.  Differences  of  5 
percent  in  modulus  and  4  percent  in  loss  factor  were  found  in  glass 
transition  region.  In  the  melt  region,  differences  of  8  percent  in  modulus 
and  3  percent  in  loss  factor  were  found. 

C  Young's  modulus  deceases  with  increasing  steel  thickness  at  a  torque 
of  0.35  N-m.  For  a  thickness  of  0.20  mm,  the  modulus  is  232  GPa  and  for  a 
thickness  of  0.52  mm,  the  modulus  is  139  GPa. 

A  The  precision  is  about  ±5  percent  for  polyurethane  and  ±1  percent 
for  PMHA  and  steel.  The  accuracy  depends  on  the  clamping  pressure  used. 
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Fig.  1:  Flexural  Test  Fixture 


767 


Fig.  2:  Young's  Modulus  vs  Tine 
at  1  Hz  and  23 *C  for  Two  Torgue 
Values  for  Polyurethane 


Fig.  3;  Young's  Modulus  vs  Torque 
at  1  Hz  and  23 'C  for  Polyurethane 
(5  Minute  Values) 
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Fig.  4:  Young's  Modulus  vs  Tine 
at  1  Hz  and  23 *€  for  Four  Torque 
Values  for  PMNA 
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ABSTOACT 

A  method  will  be  presented  which  calculates  the  amplitude  of  waves  propagating 
through  a  region  of  a  structure  as  a  function  of  phase  speed  and  time.  The  processing 
Is  carried  out  on  synthetic  data  which  models  a  one-dimensional  wave  incident  on  a 
boundary  with  subsequent  reflected  and  transmitted  waves.  Both  dispersive,  non- 
dispersive,  and  frequency  band  limited  waves  are  investigated.  Results  show  successful 
determination  of  reflections  coefficients.  The  process  is  also  applied  to  measured  data 
from  a  fluid-loaded,  point-driven,  finite  cylindrical  shell.  There  are  many  waves 
propagating  in  the  shell  that  the  filtering  techniques  help  to  distinguish  and  quantify. 
The  results  allow  experimental  estimations  of  the  reflection  coefficients  of  waves 
incident  on  the  shell  ends. 

INTRODUCTION 

The  filtering  technique  outlined  here  determines  the  amplitude  of  a  wave  propaga¬ 
ting  with  a  specified  phase  speed  and  frequency.  Similar  work  Is  abundant  in  the  seis¬ 
mology  literature  [1-6]  and  in  the  tomography  literature  [7).  The  emphasis  in  the 
seismology  literature  is  to  determine  the  group  speed  of  waves  propagating  In  the  earth 
crust.  The  analysis  used  in  such  studies  is  equally  valuable  for  applications  of 
studying  wave  propagation  in  vibrating  structures.  This  is  especially  true  for  waves 
with  a  finite  time  duration. 

The  application  that  this  paper  addresses  is  waves  propagatlrp  in  cylindrical 
shells.  The  broad  goal  of  such  work  is  to  study  the  characteristics  of  waves  propaga¬ 
ting  in  a  structure  so  that  the  modeling  of  the  phenomena  can  be  simplified.  The 
specific  end  result  we  are  working  for  in  this  paper  is  a  technique  to  experimentally 
estimate  the  reflection  coefficient  at  discontinuities  in  the  shell.  The  results  from 
the  filtering  techniques  described  here  are  for  one-dimensional  propagation. 

FILTERING  THEORY 

Consider  a  wave  of  frequency  u  propagating  at  the  speed  c  This  wave  will  have 
the  form  ’’ 


u(t,x)  =  cos[u  (t-(x/c  ))  +  0  1  (1) 

1  pi  1 

where  is  the  phase  of  the  wave.  The  filter  we  use  is 
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wd.x.u.c  ) 

2  p2 


cos(u  (t-(x/c  ))  ♦  ♦  1 

2  p2  2 

0 


t  <t<t  X  <x<x 
12  12 

else 


(2) 


where  is  the  frequency,  is  the  phase  speed  and  Is  the  phase  of  the  wave  the 
filter  Is  searching  for.  The  filtering  procedure  involves  Bultlplying  the  field  (Eq.  1) 
by  the  filter  (Eq.  2)  and  Integrating  over  space  and  time. 


A(u  ,  c  .  t' .  x' ) 

2  p2 


u(t.x)W{t.x.u  .c  )  dXdT 

2  p2 


(3) 


where  t'  =  and  x'  =  (x^+x^)/2.  This  integral  will  give  the  largest  value  when 

«  =  u  .  c  .  =  c  and  6  =  ^  .  If  there  are  several  waves  propagating  at  several 

1  2  pi  p2  1  2  I-  r  o  -e. 

frequencies  and  phase  speeds  this  filter  can  be  used  to  distinguish  between  the 
different  waves. 

The  filter  Is  centered  at  a  time  t'  and  position  x' .  We  can  then  view  the  result 
of  the  filtering  to  give  the  wave  amplitude  propagating  through  a  region  centered  at  the 
point  x'  at  time  t'.  If  the  filter  Is  small  (X  *  ^  ”  ^2*^1  small)  the 

results  begin  to  give  the  amplitude  of  waves  propagating  through  the  point.  This  is 
important  If  we  are  going  to  use  the  filtering  results  to  trade  waves  as  they  propagate 
and  interact  with  boundaries  or  other  material  discontinuities. 

The  results  presented  here  come  from  centering  the  filter  at  one  spatial  position 
and  varying  the  time  t'  (the  filter  center)  and  the  phase  speed  c  of  the  filter.  The 

p2 

result  is  the  amplitude  of  waves  propagating  through  a  small  area  as  a  function  of  time 
and  phase  speed.  We  refer  to  plots  of  this  data  as  phase  speed  vs.  time  plots  or  cp-t 
plots.  The  time  at  which  waves  arrive  or  leave  a  point  and  the  phase  speed  at  which 
they  are  propagating  can  be  determined  from  the  resulting  data.  At  boundaries  or 
discontinuities  this  Information  can  be  used  to  determine  reflection  coefficients. 

K-SPACE  VIEW 

The  effect  of  the  filter  size  and  the  way  in  which  the  filter  works  can  best  be 
seen  in  wavenumber-frequency  space  (k-u  space)  The  filtering  process  (Eq.  3)  in  k-u 
space  is 


A(u  .c  w'.k') 

2  p2 


U(«,k)W(w,k,u  .c  )  dk  dw 

2  p2 


(4) 


where  U((j,k)  Is  the  two-dimensional  Fourier  transform  of  the  surface  velocity  u(t,x). 
I  he  filter  In  k-u  space  is 


W(u,  k.u  ,c  ) 

2  p2 


=  8XT 


sln[T(u^-u) ] 

T(u  +u) 

2 


sln[X(u  /c 

2  p2 

x(u  /c  ^TtT 

2  p2 


k)) 


sln[T(u  +u)J 
2 

T(u  ♦u) 

2 


sln(X(u  /c  ^ 

2  p2 

X(u  /c  , 

2  p2 


+  k)] 
♦  k) 


(5) 
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where  X  =  x  -x  and  T  =  t  -t  are  the  spatial  and  time  width  of  the  filter.  The  filter 
Is  a  sine  function  centered  at  the  frequency  and  wavenumber  of  the  filter  (u^  and 
«  /c  ) . 

2  p2 

A  wave  of  frequency  u'  propagating  with  the  phase  speed  cp'  will  be  a  point  in  the 
k-i>  space  centered  at  u=ti>‘  and  k=u'/cp'.  Thus  all  the  waves  propagating  In  the  struc¬ 
ture  represent  a  point  In  the  k-u  space  spectrum.  If  the  filter  Is  going  to  distin¬ 
guish  between  the  various  waves  then  the  filter  must  not  have  t >o  large  of  a  bandwidth 
In  k-u  space.  Equation  (S)  shows  that  the  larger  the  filter  Is  in  real  space  and  time, 
the  more  focused  the  filter  Is  In  k-u  space  (the  k-u  bandwidth  Is  small).  Thus  a  large 
filter  In  real  space  and  In  time  distinguishes  between  different  wave  types  more 
accurately.  However.  If  the  filter  Is  too  large  in  real  space  and  time,  then  we  lose 
the  effect  of  knowing  the  wave  amplitude  at  a  specific  point  x'  and  time  t' .  The 
following  simulations  will  show  how  the  filter  can  distinguish  between  wave  types. 

SIMULATIONS 

All  the  simulations  are  of  one  or  two  waves  incident  on  a  boundary.  The  boundary 
has  a  reflection  coefficient  of  0.5  and  a  transmission  coefficient  of  0.1.  In  all  the 
simulations  a  dispersion  curve  for  the  waves  is  used  to  create  the  real  space  and  time 
data  (called  x-t  plots).  In  one  case  the  full  impulse  response  is  used  and  in  the 
other  cases  the  frequencies  will  be  limited.  The  frequency  limitation  Is  accomplished 
by  filtering  the  data  with  a  Kalser-Bessel  filter.  The  kalser-Bessel  filter  has  a 
bandwidth  from  7000Hz  to  llOOOHz  and  a  filter  parameter  alpha  of  7.865.  In  all  the 
results  shown,  the  phase  speed  filter  Is  spatially  centered  at  the  boundary  and  the 
frequency  is  9000H2.  The  filter  size  Is  X  =  0.31m  and  T  =  1.24msec. 

The  first  results  are  for  a  single  wave  with  a  linear  dispersion  relation.  The 
wave  has  a  phase  speed  of  400m/s  at  all  frequencies.  The  x-t  plot  Is  shown  In  Fig.  la, 
an.!  Fig,  lb  shows  the  cp-t  plot  of  the  right  going  (Incident)  waves,  Ue  see  in  Fig.  la 
that  the  phase  speed  and  group  speed  are  the  same  In  this  case.  Fig.  Ih  shows  that  the 
filter  successfully  Indicates  a  peak  at  the  correct  phase  speed  and  time.  With  this 
data  we  should  only  have  a  peak  In  Fig.  lb  at  the  phase  speed  and  arrival  time  of  our 
wave.  This  figure  shows  how  the  finite  filter  size  distorts  the  data. 
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Figure  1.  Single  non-dispersive  wave  propagating  at  400m/s. 

a)  real  space  and  time  plot 

b)  phase  speed  vs.  time  plot 
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The  next  example  Is  a  single  wave  with  a  dispersion  relation  that  Is  not  a  linear 
function  of  frequency.  The  dispersion  curve  is  for  a  cylindrical  bending  wave  propa¬ 
gating  down  the  axis  of  a  fluid-loaded  cylindrical  shell.  These  results  have  been 
bandllmlted  with  the  Kaiser-Bessel  filter.  Fig.  2a  contains  the  x-t  plot.  Note  that 
the  wave  changes  shape  as  It  propagates.  Fig.  2b  contains  the  cp-t  plot  for  the  right 
going  wave  Incident  on  the  boundary.  These  results  show  more  spreading  of  the  peak  In 
the  cp-t  plot.  The  peak  occurs  at  the  correct  phase  speed  (401.6m/s)  and  arrival  time 
is  0. 029sec. 

The  final  simulation  uses  two  waves.  The  first  Is  a  wave  with  the  same  dispersion 
relation  as  In  the  previous  example.  The  second  wave  is  a  wave  with  a  linear  dispersion 
relation  propagating  at  5000m/s  at  all  frequencies.  This  example  Is  a  simulation  of  a 
bending  wave  and  a  longitudinal  wave  propagating  down  a  fluid-loaded  cylinder.  The  x-t 
results  are  shown  in  Fig.  3a  and  the  cp-t  results  are  shown  in  Fig.  3b.  Both  waves  can 
be  seen  propagating  down  the  cylinder  In  Fig.  3a.  Figure  3b  when  compared  to  Fig.  2b 
shows  that  the  presence  of  the  fast  second  wave  did  not  distort  the  results  except  for  a 
faint  shadow  at  early  times  In  the  cp-t  plot  (Fig.  3b). 


Figure  2.  Single  dispersive  wave.  The  dispersion  curve  models  a  bending  wave 
propagating  down  a  fluid-loaded  cylinder. 

a)  real  space  and  time  plot 

b)  phase  speed  vs.  time  plot 


We  now  look  at  this  third  simulation  In  k-u  space  to  see  how  the  filter  can 
distinguish  between  the  different  waves.  Figure  4  is  the  k-w  space  plot  of  the  filter 
and  the  dispersion  curves  of  the  two  waves.  The  filter  Is  represented  by  the  grey  scale 
plot  and  the  dispersion  curves  are  represented  by  solid  lines.  The  straight  line 
represents  the  fast  (SOOOm/s)  longitudinal  wave  and  the  other  represents  the  bending 
wave.  The  filter  Is  set  for  a  phase  speed  of  401.6m/s  and  a  frequency  of  9000Hz.  We 
can  see  that  the  peak  of  the  filter  Is  centered  on  the  bending  wave  dispersion  curve. 

But  we  can  also  see  how  the  filter  has  nonzero  values  at  the  shear  wave  dispersion  curve 
and  at  other  frequencies  and  wavenumbers  of  the  bending  wave. 

Now  use  Fig.  4  to  consider  the  case  of  a  filter  centered  In  the  frequency  range  of 
2000Hz  to  5000Hz.  We  can  see  that  In  this  frequency  range  the  filter  centered  on  the 
bending  wave  will  be  greatly  Influenced  by  the  shear  wave  dispersion  curve,  making  It 
more  difficult  to  separate  the  different  wave  types.  Thus  there  are  some  limitations  to 
the  filtering  technique  for  separating  different  wave  types  if  their  dispersion  curves 
are  close  In  k-u  space. 

Although  cp-t  plots  for  the  reflected  wave  (the  left  going  waves)  were  not  shown 
for  any  of  the  examples  here  they  were  comparable  to  the  Incident  wave  results. 
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Figure  3.  Two  waves.  The  slower  wave  Is  th 
faster  wave  Is  a  non-dlspersive  w 

a)  real  space  and  time  plot 

b)  phase  speed  vs.  time  plot 
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Figure  4.  Wavenumber-frequency  plot  of  the  I 
superimposed  with  the  filter  cent) 


ESTIMATINC  REFUCTION  COEFFICIENTS 


To  calculate  the  reflection  coefficient  at  a  discontinuity  we  need  to  know  the 
anplltude  and  phase  of  the  wave  Incident  on  the  dlscontlntilty  and  the  resulting 
reflected  wave.  The  filtering  technique  deaonstrated  C2U>  be  used  to  separate  wave  types 
and  directions.  Thus  we  Bust  search  for  waves  of  the  saae  phase  speed  aaplltude  but 
opposite  in  sign.  The  waves  with  the  positive  phase  speed  propagate  to  the  right  and 
waves  with  negative  phase  speed  propagate  to  the  left.  These  correspond  to  the  incident 
and  reflected  waves. 

In  the  slaulatlons  there  Is  one  boundary  with  a  reflection  coefficient  of  0. S.  The 
results  froB  the  third  slaulatlon  (Fig.  3b)  will  be  used  as  an  exaaple.  We  begin  by 
looking  at  the  peak  In  both  the  Incident  wave  cp-t  plot  (Fig.  3b)  and  the  reflected  wave 
cp-t  plot.  For  the  Incident  wave  the  peak  occurs  at  401.S9b/s  and  a  tlae  of  0.029sec 
and  for  the  reflected  wave  the  peak  Is  at  -401.59b/s  and  a  tlae  of  0. 03sec.  The  ratio 
of  the  anplltude  of  the  peak  values  Is  0.503.  We  are,  however,  interested  in  the  effect 
of  integrating  about  each  peak  in  the  cp-t  plots.  The  cp-t  data  Is  Integrated  over  a 
rectangle  centered  at  the  peak.  The  reflection  coefficient  Is  calculated  froa  the  ratio 
of  the  two  Integrals.  Table  1  gives  the  value  for  the  calculated  reflection  coefficient 
as  the  Integration  area  Is  Increased. 


Table  1.  Coaparlson  of  the  integration  area  for  the  estiaation  of  reflection 
coefficients. 


Integration 

time 

Integration 
Phase  Speed 

Reflection  Coefficient 
Estiaation 

0.00 

0.503 

0.00008 

0.498 

0. 00016 

0.493 

0. 00024 

181.0 

0.503 

0.00030 

241.3 

0.508 

0.00038 

301.6 

0.510 

0.00044 

361.0 

0.509 

0. 00052 

422.2 

0.512 

0. 00060 

482.5 

0.518 

0.00068 

542.9 

0.533 

0. 00074 

603.2 

0.537 

0. 00082 

663.5 

0.538 

These  results  suggest  that  the  most  accurate  estimate  of  the  reflection  coefficient  Is 
obtained  by  Integrating  over  a  small  area  around  the  peak  value.  An  Integration  time  of 
0.00030sec  and  integration  phase  speed  of  241.3  In  this  case  represents  a  9x9  point 
grid. 

EXPERIMENTAL  RESULTS 

Results  from  experimental  data  are  shown  in  Figure  5.  These  are  results  from  a 
point -driven  fluid-loaded  finite  shell.  The  velocity  data  Is  obtained  from  NAH  [8], 
then  the  wave  of  zero  order  In  the  circumferential  direction  Is  used.  Thus  the  data 
that  the  filter  is  applied  to  are  symmetric  bending  and  longitudinal  cylindrical  waves 
propagating  down  the  cylinder.  The  filter  is  centered  at  one  end  of  the  cylinder.  The 
filter  width  Is  32  out  of  128  points  along  the  shell  and  T  «  0. 128Bsec.  Figure  5  shows 
the  Incident  waves.  From  the  slaulatlons  we  can  Interpret  4  peaks  Indicating  separate 
waves  Incident  on  the  end.  From  this  plot  we  can  determine  the  time  they  arrive  and 
their  phase  speed. 
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Figure  5.  Phase  speed  vs.  tine  results  from  experimental  data.  The  filter  Is  centered 
at  one  end  of  a  finite  fluid-loaded  cylinder. 


CONCLUSIONS 

The  simulation  results  Indicate  the  accuracy  that  should  be  expected  from  the 
filtering  technique.  As  long  as  the  dispersion  curves  of  different  waves  are  far  apart 
In  k-u  space  then  the  different  wave  types  can  be  distinguished.  We  have  also  shown 
that  accurate  estimations  of  reflection  coefficients  can  be  obtained  from  the 
processing. 
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ABSTRACT 

Ttus  paper  discusses  recent  calculations  and  measurements  of  vibration  transmission  in  buildings  as  a 
result  of  excitation  from  the  ground.  The  objective  is  to  find  a  reliable  design  method  for  estimating  a 
building's  total  vibration  environment  when  there  is  vibration  transmission  from  roads,  railways  or 
machinery. 

INTRODUCTION 

Anyone  who  lives  near  a  railway  is  likely  to  be  aware  of  the  low-frequency  vibration  that  is  transmined 
when  a  train  passes.  If  this  occurs  only  occasionally,  it  may  not  be  troublesome;  but  regular  excitation  from 
frequent  trains  on  an  underground  railway,  or  from  heavy  road  vehicles,  or  from  nearby  machinery,  can  be 
most  intrusive.  To  reduce  transmitted  vibration,  buildings  are  isolated  from  their  foundations  by  springs. 
Albany  Court,  a  six-storey  apartment  block  built  over  a  railway  in  London  in  the  late  1960s,  was  the  first 
building  in  the  UK  to  be  mounted  on  rubber  springs.  Us  vibration  isolating  performance  was  good  (Ij.  Now 
there  are  many  isolated  buildings  in  the  UK  and  elsewhere,  particularly  where  underground  railways  exist, 
and  more  such  buildings  are  under  construction  or  planned. 

The  simplest  dynamical  model,  which  is  sometimes  still  used  for  design  calculations,  represents  the 
building  as  a  rigid  mass  on  springs.  In  order  to  be  effective,  the  natural  frequencies  of  the  mass/spring  system 
have  to  be  low  compared  with  the  frequency  range  of  the  excitation.  This  tiKXlel  is  only  reliable  when  the 
building  is  sufficiently  stiff;  otherwise  local  structural  resonances  interact  with  the  rigid  body  modes.  Then  the 
vibration  response  is  more  complicated  than  a  rigid-body  model  suggests.  A  resiliently-mounted  building  is 
now  recognised  to  be  a  complex  dynamical  system  in  which  the  properties  of  the  foundation,  the  method  of 
isolation  and  the  flexibility  and  damping  of  the  building  aU  contril^te  to  its  dynamic  response.  More  realistic 
models  represent  flexible  columns  and  floors  by  finite  elements  and  use  a  lumped-parameter  or  other 
approximate  representation  of  the  foundation.  This  paper  describes  research  in  progress  at  Cambridge  to  (i) 
develop  more  accurate  vibration  models  of  buildings  and  their  foundations  and  (ii)  validate  these  models 
against  measured  data  from  a  majw  building  development  in  London. 

METHOD  OF  CONSTRUCTION 

There  ate  at  present  two  main  types  of  rubber  springs.  One  has  solid  blocks  of  rubber  bonded  to  steel 
plates;  the  other  has  laminated  rubber  pads.  For  the  l^nated  pads,  the  inter-layers  may  be  metal  sheets  or 
they  may  be  woven  textile  materials  into  which  the  rubber  has  been  forced  under  pressure  during  processing. 
In  toth  cases  the  isolators  are  nwunted  at  base  level,  usually  on  top  of  foundation  piles. 


The  building  is  constructed  on  a  base  framework  or  raft  that  is  supported  on  the  rubber  bearings;  these 
provide  its  only  means  of  communication  with  the  ground.  Typically  these  bearings  may  be  of  plan  area 
1/2  m  X  1/2  m  and  thickness  1/4  m  and  they  carry  a  static  pressure  when  the  building  is  complete  of  about 
10  MN/m^  [2],  As  construction  proceeds,  the  load  on  the  pads  increases  and  therefore  their  deflection 
increases.  The  design  must  allow  for  this  and  must  also  ensure  that  the  isolated  structure  is  not  "bridged"  by 
connecting  pipework  or  substructures  or  by  debris  from  building  operations. 

The  Albany  Court  building  was  small.  It  was  mounted  on  laminated  rubber  springs  that  were  designed 
to  give  a  vertical  natural  fre<iuency  of  7  Hz.  The  vibrations  generated  in  a  previous  (unsprung)  building  on  the 
same  site  were  said  to  be  "fairly  perceptible",  and  had  vibration  levels  up  to  1  mm/s  rms.  According  to 
measurements  taken  after  completion,  the  sprung  building  had  vibration  levels  in  the  range  0. 16  to  0.25  mm/s 
rms  in  a  bandwidth  of  3  to  30  Hz  [3]. 

At  the  time  it  was  concluded  that  the  building  was  performing  "substantially  as  a  rigid  body”  and  that 
predictions  based  on  the  theory  of  a  rigid  mass  on  springs  agreed  satisfactorily  with  theory.  But  as  larger 
buildings  were  mounted  on  springs,  it  becattK  apparent  that  such  a  simplified  theory  was  inadequate.  This 
was  due  to  a  number  of  factors.  The  Albany  Court  building  was  a  small  one;  later  buildings  were 
progressively  larger.  The  Albany  Court  frequency  of  7  Hz  led  to  constructional  problems  for  larger  buildings; 
their  mounted  frequency  was  increased  up  to  14  Hz.  No  narrow  batxl  vibration  analyses  were  made  at  Albany 
Court;  much  more  sophisticated  measurements  ate  now  possible.  The  upshot  is  that  it  is  now  understood  that 
the  dynamic  response  of  a  building  must  be  included  in  response  predictions. 

This  is  illustrated  in  fig.  1  which  shows  the  calculated  transmissibility  for  a  mass  on  a  spring  in  vertical 
vibration  [4].  The  solid  curve  shows  the  response  of  a  rigid  mass  when  the  spring  is  such  that  the  vertical 
natural  frequency  is  10  Hz  and  the  damping  ratio  is  0.1.  The  other  two  dashed  curves  show  the  response  for 
the  same  spring  when  the  mass  is  flexible  and  has  the  properties  of  an  elastic  column  of  height  30  m  with  the 
density  ant!  Young's  ttrodulus  of  concrete.  The  two  dashed  curves  differ  because  different  damping 
assunqrtions  are  made;  these  will  be  described  below.  Because  of  the  interaction  between  the  properties  of  the 
mounted  mass  and  its  suspension  system,  the  attenuation  achievable  is  very  much  reduced.  Instead  of 
obtaining  an  attenuation  of  30  dB  at  about  70  Hz,  this  may  be  only  about  S  dB. 


Fig.  1  Theoretical  transmissibility  curves  for  a  30  m  concrete  column  on  a  rubber  bearing 
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PROPERTIES  OF  RUBBER  ISOLATORS 


The  peiformance  of  rubber  isolators  depends  on  their  dynamic  stiffness  for  veiy  small  amplitude 
deflections  (1  mm/s  at  10  Hz  conesponds  to  an  amplitude  of  16  microns)  while  subjected  to  high  static 
pressures  (7-10  MN/m^).  Both  natural  and  synthetic  rubber  are  used  for  building  applications  and  there  is 
considerable  skill  in  the  selection  and  processing  of  the  rubber  to  give  low  dynamic  stiffness  at  the  same  time 
as  high  static  stiffness  (to  prevent  large  deflections  occurring  during  building  construction). 

Dynamically  testing  sample  bearings  is  difficult  because  of  the  high  static  loads  that  have  to  be  applied 
and  the  veiy  small  dynamic  amplitudes  that  are  needed.  This  means  that  a  very  stiff  dynamic  testing  machine 
is  required  with  very  small  amplitude  load  cycling  possible.  An  alternative  method  involves  simulating  the 
actual  loading  conditions  by  a  concrete  or  steel  loading  block  and  then  measuring  the  natural  frequencies  and 
damping  of  the  mounted  assembly.  To  prevent  movement  of  the  underside  of  the  test  bearing,  this  is  mounted 
on  a  large  concrete  inertia  block,  as  shown  in  fig.  2.  Damping  is  measured  from  the  width  of  the  recorded 
resonant  peak.  In  order  to  make  measurements  at  fixed  strain  amplitude,  the  usual  method  of  testing  is  to 
apply  a  variable-amplitude  dynamic  force  to  the  loading  block  in  order  to  give  constant  dynamic  strain 
amplitude.  The  measured  force  amplitude  gives  an  "upside  down"  resonance  diagram  from  which  the  natural 
frequency  (and  therefore  dynamic  stiffness)  and  the  damping  can  be  extracted. 


Vibrator 


Fig.  2  Apparatus  for  the  direct  measurement  of  the  dynamic  properties  of  rubber  bearings 


MODEL  EXPERIMENTS  AT  CAMBRIDGE 

A  realistic  dynamic  model  of  a  building  requires  accurate  data  on  damping.  In  order  to  obtain 
fundatiwntal  data  on  the  damping  properties  of  reinforced  cc  icrete  columns,  which  are  one  of  the  principal 
components  of  many  large  buildings,  model  experiments  are  being  carried  out  in  Cambridge.  So  far,  three 
different  columns  have  been  tested;  (i)  prestressed  by  a  central  rod,  (ii)  reinforced  but  not  prestressed,  (iii) 
reinforced  and  prestressed.  Each  column  weighs  about  700  kg  and  is  4  m  long  arxl  0.3  m  diameter.  Impulse- 
response  tests  have  been  carried  out  with  the  columns  suspended  in  different  ways  [5,6]. 

Typical  frequency-response  curves  for  axial  and  bending  vibration  are  shown  in  figs.  3a  and  b.  These 
have  been  derived  from  measured  impulse  responses  taken  with  the  beams  suspended  horizontally  on  axially- 
thin  supports  located  as  close  as  possible  to  the  nodes  of  the  fundamental  bending  nxxle.  Fig.  3a  shows  the 
axial  modes,  excited  by  lightly  tapping  the  end  of  the  columns;  natural  frequencies  are  spaced  uniformly  at 
intervals  of  about  500  Hz.  Fig.  3b  shows  the  bending  modes,  excited  by  tapping  sideways  at  mid-^ran.  The 
bending  natural  frequencies  should  follow  the  sequence  3^,  5^,  7^, ....  but  it  can  be  seen  that  even  modes  are 
absent  because  the  point  of  excitation  at  the  micUle  of  the  columns  is  a  nodal  point  for  these  modes.  The 
interaction  of  the  supports  is  responsible  for  the  subsidiary  peaks  in  fig.  3b  and  for  the  natural  frequencies 
deviating  from  their  theoretical  values. 
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Fig.  3  Calculated  frequency-response  functions  for  a  reinforced  concrete  column 
derived  from  laboratory  measurements  of  its  impulse  response 


Damping  factors  have  been  calculated  for  the  columns  by  a  method  due  to  McIntyre  and  Woodhouse 
[7).  This  involves  calculating  the  spectra  of  adjacent  shon  lengths  of  the  decaying  transient.  For  a  given 
mode,  the  decaying  height  of  its  spectral  peak  is  monitcved  with  time  in  order  to  estimate  the  rate  of  decay  of 
the  modal  damping  coefficient.  This  method  has  been  found  to  work  well  except  when  there  are  two  modes 
very  close  together. 

The  conclusions  are  that  the  damping  Q  factors  for  the  fundamental  axial  (500  Hz)  and  bending  (65 
Hz)  modes  lie  in  the  range  100  to  150  (damping  ratios  -005  to  -0033).  These  do  not  appear  to  correlate  with 
the  different  constructions  of  the  columns;  also  the  damping  coefficients  appear  to  be  similar  in  magnitude  for 
higher  modes. 

The  sources  and  magnitude  of  damping  found  in  full-scale  buildings,  and  the  best  method  of  modelling 
damping  fOT  calculations,  are  subjects  of  continuing  study. 

FULL-SCALE  MEASUREMENTS  AT  GLOUCESTER  ROAD 

A  major  redevelopment  project  has  been  carried  out  at  the  Gloucester  Road  underground  station  site  in 
London  in  the  last  few  years  and  is  now  approaching  completion.  The  old  buildings  have  been  demolished 
and  in  their  place  a  combined  shopping  and  residential  complex  has  been  built.  The  shopping  arcade  is  built 
on  columns  immediately  above  the  three  surface  tracks  of  the  District  and  Circle  Line  and  close  to  the  two 
tracks  of  the  Piccadilly  Line  which  pass  underground  and  use  the  same  station.  The  residential  block  is  to  the 
side  of  the  surface  tracks;  it  is  a  ten-storey  structure,  supported  on  piles  that  pass  within  a  few  metres  of  one  of 
the  Piccadilly  Line’s  tunnels.  The  shopping  arcade  is  mounted  on  a  concrete  raft  that  is  partially  isolated  by 
resilient  bearings  on  top  of  its  supporting  columns.  The  residential  block  is  fully  isolated  by  rubber  bearings 
above  each  pile;  its  rigid-body  design  natural  frequency  is  10  Hz. 

By  arrangement  with  the  site  developers  and  their  consulting  engineers,  access  to  the  site  for  vibration 
measurements  has  been  possible  at  all  stages  of  the  construction;  measurements  have  been  taken  when  the  site 
was  cleared  and  at  stages  during  the  progressive  construction  of  the  buildings. 

These  measurements  have  teen  of  two  types;  (i)  ambient  vibration  records  taken  under  various 
conditions  but  mostly  at  weekends  when  construction  had  stopped  and  the  principal  source  of  ground 
vibration  comes  from  passing  trains,  and  (ii)  impulse  vibration  response  records  obtained  using  a  calibrated 
impulse  hammer  and  also  taken  mostly  at  weekends. 

Typical  spectra  from  acceleration  recorded  on  the  ground  and  furst  floors  of  the  residential  block  are 
shown  in  fig.  4.  Below  the  spectra,  the  computed  transmissibility  between  these  two  records  is  plotted.  If 
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x(t)  denotes  ground-floor  acceleration  and  y(t)  first-floor  acceleration,  and  S„ (o>),  S;^(co)  =  Syx  *  (O)),  Syy{(0) 
are  their  direct  and  cross-spectra,  the  total  transmissibility  (solid  line  curve)  is  given  by  the  formula  [8] 

Tu>ui(o>)  =  {Syy«o)/S,x(to)f'^  (1) 

and  the  direct  transmissibility  (dashed  curve)  by  the  formub 

=  ■  (2) 

The  first  formula  is  based  on  the  total  response  at  the  first  floor  measuring  point,  regardless  of  its 
correlation  with  vibration  at  the  ground  floor  measuring  point.  In  contrast,  the  second  formula  is  based  only 
on  that  part  of  the  response  at  the  first  floor  measuring  point  which  is  correlated  with  vibration  at  the  ground 
floor  measuring  point 


Fig.  4  Vibration  records  taken  on  the  ground  and  first  floors  at 
Gloucester  Road  and  the  ccaresponding  calculated  transmissibility 


It  is  evident  from  the  two  transmissibility  curves  in  fig.  4  that  there  is  a  large  proportion  of  vibration 
reaching  the  first-floor  measuring  point  that  is  not  ccnrelated  with  vibration  at  the  ground  floor  measuring 
point.  This  is  not  surprising  given  the  complex  construction  of  the  building  and  its  multiple  points  of  suppon 
and  therefore  excitation. 
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In  order  to  examine  pile  response,  impulse  tests  were  carried  out  on  some  of  the  piles  before  the 
structure  had  been  built  on  them.  This  was  done  by  applying  a  calibrated  vertical  impulse  to  the  pile  head  and 
measuring  the  pile's  response  [9,10],  Five  consecutive  pile  impulses  (force  versus  time)  and  the  resulting 
accelerations  of  the  pile  head  are  superimposed  in  Tigs.  Sa  and  b.  By  averaging  these  records  (to  reduce  the 
effect  of  ambient  noise),  and  then  taking  their  Fourier  transforms,  the  magnimde  and  phase  of  the  pile  cap's 
frequency-response  function  have  been  computed.  The  results  are  shown  in  figs.  5c  and  d  as  the  solid  curves. 
They  are  compared  with  corresponding  theoredcal  results  (the  dashed  curves)  calculated  using  a  pile  model  in 
which  the  pile/soil  interacdon  is  obtained  by  treadng  the  soil  as  a  series  of  infmitesimally-thin  horizontal  layers 
and  using  soil  properdes  derived  from  site  measurements. 
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Fig.  5  Pile  response  properties  measured  at  Gloucester  Road 

Vibration  data  has  now  been  measured  throughout  the  completed  buildings  at  Gloucester  Road  and 
further  measurements  will  be  made  when  the  buildings  ate  furnished  and  in  use.  This  extensive  data  bank  will 
be  used  to  validate  the  theoretical  models  of  vibration  transmission  which  are  the  subject  of  extensive  further 
research  [10]. 

DEVELOPMENT  OF  ANALYTICAL  MODELS 

Preliminary  results  on  finite-element  models  have  been  reported  already  [II].  The  conclusion  from 
this  work  is  that,  in  order  to  accurately  model  the  higher  frequencies  (above  20  Hz)  of  realistic  three- 
dimensional  structures,  it  is  necessary  to  include  a  very  large  number  of  elements.  Our  research  in  Cambridge 
includes  the  development  of  a  more  computationally-efTicient  numerical  model.  Instead  of  being  composed  of 
very  many  small  finite-elements,  it  has  relatively  fewer  macro-elements.  For  example,  a  building  has  its  main 
structural  framewOTk,  each  length  of  which  can  be  modelled  as  a  beann.  Each  beam  length  is  a  macro-element 
and  its  theoretically  exact  frequency  response  can  be  calculated  analytically.  A  set  of  frequency-response 
functions  then  refsesents  the  behaviour  of  that  macro-element.  Each  floor  slab  and  wall  panel  is  a  plate  macro¬ 
element.  A  similar  approach  can  be  followed  to  develop  a  describing  set  of  frequency-response  functions, 
although  these  must  now  be  stored  numerically.  All  these  macro-elements  are  joined  together  by  appropriate 
equilibrium  and  compatibility  conditions  which  allow  the  complete  collection  of  macro-elements  to  be 
assembled  into  a  numerical  model  for  frequency-domain  calculations.  Pieliininaty  results  from  this  work  will 
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be  published  shortly  [  10]  and  it  appears  that  there  is  a  good  prospect  that  the  vibrational  behaviour  of  large 
buildings  can  be  approximated  satisfactorily  by  this  approach. 

Work  on  pile  response  is  cunendy  based  on  idealisations  of  soil  interaction  either  (i)  as  a  layered  two- 
dimensional  medium  or  (ii)  as  a  continuous  three-dimensional  elastic  half-space.  Calculations  based  on  the 
first  have  successfully  predicted  the  transient  response  of  unloaded  piles  to  vertical  impulses,  fig.  5.  Research 
is  aimed  at  showing  how  the  design  of  a  building's  foundation  affects  the  transmission  of  vibration  into  the 
building.  This  has  three  stages:  (i)  determination  of  the  ground  excitation  at  source,  either  by  calculation  or 
by  measurement;  (ii)  calculation  of  the  transmission  of  vibration  through  the  ground  from  source  to  a 
building;  and  (iii)  calculation  of  the  combined  response  of  the  buildingAesilient  interface/foundation  assembly 
to  its  ground  excitation.  Research  at  Cambridge  has  made  progress  on  problems  (i)  and  (ii)  [12,13]  and 
interest  at  present  centers  on  (iii).  The  objective  is  to  be  able  to  convert  ground  vibration  conditions  in  the 
vicinity  of  a  building  into  calculated  pile  head  movements  under  the  resilient  seatings.  In  particular  it  is 
important  to  know  how  the  excitation  under  adjacent  seatings  is  correlated  and  bow  the  response  of  the 
building  modifies  the  calculated  excitation  amplitudes. 

Probably  the  most  important  design  parameter  is  the  damping.  This  includes  soil  damping,  damping 
of  the  pile  movements,  damping  of  the  resilient  seatings,  damping  of  the  building's  skeleton,  damping  of  floor 
and  wall  panels,  and  damping  arising  from  fittings  and  furnishings.  Damping  affects  not  only  the  overall  level 
of  vibration  but  also  the  spatial  and  frequency  distribution  of  the  total  vibration  environment.  For  example, 
from  fig.  1  it  can  be  seen  that  two  different  models  of  damping  produce  markedly  different  variations  of 
transmissibility  with  frequency.  Both  are  viscous  damping  m^els.  In  damping  model  A,  each  (incremental) 
mass  is  assumed  to  be  subjected  to  a  damping  force  proportional  to  the  velocity  of  the  mass.  In  damping 
model  B,  each  (incremental)  mass  is  assumed  to  be  subjected  to  a  damping  force  proportional  to  the  relative 
velocity  of  adjacent  masses  [4]. 

FUTURE  RESEARCH 

These  are  complicated  computational  problems.  Work  on  modelling  a  complete  building  using  macro¬ 
elements  is  well  advanced  and  appears  to  offer  good  results.  Calculations  and  measurements  of  ground 
vibration  transmission  as  a  result  of  excitation  from  continuous  road  traffic  have  been  successful.  Primitive 
modelling  of  piles  is  complete  but  the  inclusion  of  piles  in  a  moving  ground  model  is  under  continuing 
development.  The  most  challenging  and,  so  far,  least  understood  subject,  is  damping.  Although  reliable 
laboratory  tests  have  been  completed  on  concrete  columns  and  cm  model  concrete  franres,  the  dancing  values 
extracted  from  these  measurements  do  not  apparently  tally  with  those  occurring  in  the  field  with  typical 
buildings.  The  aim  is  to  extend  the  modelling  process  so  that  a  complete  building,  including  its  resilient 
seatings,  foundations  and  ground  conditions  can  be  taken  account  of  when  estimating  the  building's  vibration 
environment.  Although  the  completion  of  such  an  all-embracing  model  is  still  in  the  future,  progress  in 
showing  vibration  transmission  within  buildings  is  gcKid  and  it  is  already  possible  to  demonstrate  a  model 
building's  dynamic  behaviour  by  animating  its  response  to  ground  vibration.  This  is  likely  to  become  a 
valuable  design  tool  in  optimising  the  structural  features  of  buildings  during  their  design. 

FUTURE  BUILDING  DEVELOPMENTS 

The  construction  of  isolated  buildings  continues  to  run  ahead  of  detailed  knowledge  of  their  dynamic 
performance.  The  small  Albany  Court  building  had  a  calculated  7  Hz  vertical  natural  frequency;  larger 
buildings  that  followed  it  had  considerably  higher  frequency  suspensions  (up  to  14  Hz)  and  performed 
satisfactorily  according  to  the  standards  set  at  the  time.  But  the  increasing  awareness  of  the  environment 
combined  with  the  pressure  to  build  close  to  or  on  top  of  railways  and  roads,  and  still  include  high- 
performance  lecture  rooms,  studios  and  residential  accommodation,  has  meant  that  frequencies  demanded  for 
very  large  buildings  arc  now  as  low  as  S  Hz  or  less.  This  makes  the  design  of  the  rei  .ient  elements  more 
taxing,  and  their  long-term  stability,  freedom  from  creep,  resistance  to  ageing,  fire-resistance,  low  dynamic 
but  high  static  stiffness,  all  become  increasingly  diffrcult  to  achieve. 

The  demand  for  higher  performance  at  an  economical  cost  has  led  to  design  solutions  in  which 
different  parts  of  a  building  ate  isolated  in  different  ways.  For  example,  part  only  of  a  building  may  be 
isolated;  or  the  whole  building  may  be  isolated  to  a  moderate  specification  while  quiet  spaces  within  the 
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building  are  additionally  isolated  by  separate  be<‘uings  to  achieve  a  higher  specification.  The  "box  within  a 
box"  construction,  traditionally  used  for  studio  design,  is  now  reproduced  on  a  larger  scale  for  complete  suites 
of  rooms  or  concert  halls. 

The  lowest  natural  frequencies  for  elastomeric  bearings  have  so  far  been  achieved  by  using  solid 
rubber  block  constructions,  with  rubber  blocks  bonded  to  steel  spacers  and  end  plates.  Recently  lower- 
frequency  steel  spring  assemblies,  usually  incorporating  mecharucal  dampers,  have  been  receiving  attention 
and  have  been  used  in  a  number  of  applications.  There  is  considerable  interest  in  these  and  other  methods  of 
isolating  complete  buildings,  particularly  when  earthquake  protection  is  also  necessary.  The  task  of  achieving 
good  isolation  of  low-frequency  ground  vibration  at  the  same  time  as  reducing  higher-frequency  noise 
transntission  and,  if  necessary,  protecting  against  large  sudden  ground  movements  remains  a  difficult 
engineering  design  problem. 
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ABSTRACT 

Linear  dynamic  behavior  of  viscous  compressible  fluid  layers  is  studied  by  considering  the  squeez¬ 
ing  oscillations  of  the  enclosing  surfaces.  A  nondimensional  complex  squeeze  number  is  introduced  to 
characterize  different  dynamic  regimes  of  a  fluid  layer.  Free  and  forced  vibrations  of  a  rectangular  ge¬ 
ometry  fluid  layer  are  determined  by  using  modal  analysis  methods.  The  asymtotic  forms  of  system 
response  are  discussed  by  comparing  the  thickness  of  the  fluid  layer  with  the  viscous  boundary  layer 
thickness.  The  surface  impedance  and  the  time-averaged  power  absorbed  by  the  fluid  layer  are  deter¬ 
mined.  Application  of  the  complex  squeeze  number  is  demonstrated  on  a  rectangular  fluid  layer  with 
constant  surface  velocity  distribution. 

INTRODUCTION 

A  thin  layer  of  fluid  trapped  between  two  vibrating  surfaces  has  a  well-known  damping  capacity. 
The  squeezing  vibrations  of  the  enclosing  surfaces  pump  the  fluid  back  and  forth  in  the  layer,  while  the 
viscous  shear  forces  resist  the  flow  and  dissipate  the  energy.  This  dissipative  property  of  fluid  layers 
has  been  utilized  in  varity  of  applications,  such  as  damping  of  vibrations  in  rotor-bearing  systems  and 
attenuation  of  flexureJ  vibrations  of  prmels  in  enclosures  of  machineries. 

The  literature  on  dynamic  behavior  of  fluid  layers  involves  two  groups  of  studies;  squeeze  films  in 
bearings  emd  fluid  layers  in  structures,  where  some  of  the  selected  work  are  listed  in  references  [1-9]  and 
[10-14],  respectively.  The  major  difference  between  the  two  groups  of  applications  is  the  thickness  of  the 
fluid  layer,  which  in  part  defines  the  dynamic  regime.  Other  important  peirameters  are  the  geometry, 
equilibrium  properties  of  the  fluid  and  the  frequency  and  amplitude  of  vibrations  of  the  enclosing  surfaces. 
In  squeeze  film  studies,  the  combined  effects  of  pmeimeters  are  represented  by  nondimensional  ratios, 
such  as  the  squeeze  number  and  the  bearing  number  [l-4j.  The  concept  of  squeeze  number  can  be  utilized 
in  the  study  of  coupled  plate-fluid  layer  systems,  if  its  definition  is  based  on  a  wider  range  of  frequencies 
and  layer  thicknesses. 

In  this  study,  the  linear  dynamic  behavior  of  finite  fluid  layers  is  studied  by  introducing  a  complex 
squeeze  number.  The  new  form  of  the  squeeze  number  provides  a  more  general  description  of  the  linear 
dynamic  regimes  of  a  fluid  layer.  In  the  following  analysis,  the  equations  governing  the  motion  of  the 
fluid  layer  are  given  in  a  nondimensional  form  by  using  the  complex  squeeze  number.  Then,  the  study  is 
focused  on  rectangular  geometries,  where  the  time-averaged  vibrational  power  absorbed  by  the  the  fluid 
layer  is  determined  by  defining  a  surface  impedance. 

GOVERNING  EQUATIONS 

Consider  a  viscous  compressible  fluid  layer  enclosed  between  two  surfaces,  as  sketched  in  Figure 
1.  The  enclosing  surfaces  are  vibrating  with  time  harmonic  oscillations  of  the  form  V(x,z,w)e-"'.  The 
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Figure  1.  A  Mctaagular  geometry  fluid  leyer. 

squeezing  motion  of  the  boundaries  generates  pressure  gradients  in  the  fluid  layer.  The  fluid  is  forced 
back  and  forth  in  the  layer  parallel  to  the  surfaces.  Viscous  shear  forces  resist  the  motion  of  the  fluid 
and  dissipate  the  vibrational  energy.  The  dissipative  effects  of  viscous  shear  forces  are  influenced  by  the 
equilibrium  pressure,  the  frequency  of  oscillations  and  the  thickness  of  the  fluid  layer. 

In  this  study,  narrow  fluid  layers  are  focused.  The  thickness  of  the  fluid  layer  is  considered 
much  smaller  than  the  wave  length  of  pressure  fluctuations.  In  addition,  the  vibration  amplitudes  of 
the  enclosing  surfaces  are  considered  much  smaller  than  the  average  thickness  of  the  layer.  Under  such 
conditions,  the  acoustic  motion  in  the  fluid  layer  is  represented  by  a  set  of  linearized  iist'Order  differential 
equations  which  govern  the  continuity  of  the  fluid  mass  flow  and  the  fluid  momentum  density  [15,16].  As 
a  result  of  the  narrow  fluid  layer  assumption,  the  fluid  pressure  gradients  and  the  viscous  shear  forces  are 
limited  to  the  plane  of  the  layer  [1,12,14].  The  resulting  governing  relation  for  the  pressure  distribution 
is  a  Helmholtz  equation  with  a  source  term  on  the  right-hand  side: 


V’p-tiJp  =  AcV, 


(1) 


where  V’  is  a  two-dimensional  Laplacian  operator  defined  in  the  plane  of  the  layer.  In  equation  (1),  the 
rate  of  variation  of  the  layer  thickness  is  represented  by  Vi  =  Vi  -  Vj,  where  V,  and  Vi  correspond  to  the 
velocity  distributions  of  the  upper  and  lower  surfaces,  respectively.  In  addition,  the  propagation  and  the 
coupUng  constants  are  given  as 


*?  =  *?- 


-iupe 

[1-F{xt)]dt-  udt 


(2) 


where  kt  =  u/c  is  the  acoustic  wave  number  with  c  representing  the  speed  of  sound  in  the  fluid.  The 
complex  function  F(xe)  appearing  in  equation  (2)  is  defined  as  [15] 


f  (x«)  =  (1  +  i)x<  tanh[(l  -  0/(2x<)]  = 


'(l  +  >)x<. 


Xf  <  1 
X/>  1 


(3) 


where  the  ratio  xt  =  dy/dt  represents  a  relative  measure  of  the  viscous  boundary  layer  thickness,  d,  = 
V'2p/up4,  with  respect  to  the  average  thickness  of  the  layer,  dt. 

COMPLEX  SQUEEZE  NUMBER 

Equation  (1)  is  restated  in  a  non-dimensional  form 


V’P-V  aP  =  -<re 


(4) 


The  non-dimensional  parameters  appearing  in  Eq.  (4)  are  defined  as 


P  = 


P 

Pt' 


t  = 


Yt 

dt 
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(5) 


where  =  Vi/(-iu)  is  the  spatial  distribution  of  the  layer  thickness,  Pi  is  the  equilibrium  pressure  in 
the  fluid  layer  and  (  is  a  characteristic  length  of  the  layer  geometry.  The  two-dimensional  Laplacian 
operator  appearing  in  Eq.  (4)  contains  spatial  coordinates  which  are  normalized  with  respect  to  f . 

A  unique  feature  of  Eq.  (4)  is  that  it  contains  a  complex  squeeze  number,  a.  This  new  complex 
form  of  the  squeeze  number  generalizes  the  classical  real  form,  which  is  defined  for  an  isothermal  process 
as  ir' s:  lini^u/(Pi  iQ)  [1-4].  As  explained  in  the  following  analysis,  under  additional  dynamic  constraints 
the  complex  squeeze  number  can  be  simplified  to  the  classical  real  form. 

The  real  and  imaginary  parts  of  the  normalized  complex  squeeze  number  are  plotted  in  Figure  2 
with  respect  to  the  ratio  xt.  The  real  part  of  the  complex  squeeze  number  represents  the  reactive  and 
the  imaginary  part  the  resistive  effects  of  forces  in  the  fluid  layer.  In  Figure  2,  the  magnitudes  of  the 
real  and  the  imaginary  parts  of  the  complex  squeeze  number  a  have  an  opposite  relative  significance  at 
small  and  large  values  of  xt,  and  they  become  equal  to  each  other  only  at  a  unique  value  of  =  0.444. 
This  particular  value  of  xi  defines  a  borderline  between  the  resistive  and  reactive  dynamic  behaviors  of 
the  fluid  layer. 


Figure  2.  Complex  squeese  number.  ( - Bxact, - Approximation). 


The  borderline  value  of  x«  =  0.444  is  utilized  to  define  the  asymtotic  forms  of  the  complex  squeeze 
number: 


u 


(?*«)’(!  +  •*<)•  x<<  0.444 

1.19«t,)’(l  +  i),  x,  =  0.444 
+  xt>  0.444 


(6) 


where  again  ki  =  u/c  with  c  =  \JPilpt  for  isothermal  conditions. 

The  second  limiting  case  in  Eq.  (6)  can  be  approximated  from  the  third  case  by  using  xi  =  0.444. 
In  fact,  for  values  of  xj  >  0.444,  the  asymptotic  form  of  the  squeeze  number  corresponding  to  x<  >  0.444 
in  Eq.  (6)  gives  results  which  are  almost  equivalent  to  the  exact  values  obtained  directly  from  Eq.  (5). 
Therefore,  the  following  definition  is  suggested  as  an  approximate  form: 


V  =;  1.2  ((*«)’  +  •>'  fof  x<>  0.444  (7) 

where  agsdn  o'  is  the  classical  squeeze  number.  A  plot  of  this  approximate  form  of  the  squeeze  number  is 
given  by  the  dashed  curves  in  Figure  2.  Note  that,  this  approximation  starts  to  deviate  from  the  exact 
values  when  the  ratio  xi  is  decreased  below  0.444. 

Further  simplification  of  Eq.  (7)  is  possible  for  6xJ  >  1.2  or  equivalently  for  12/i/dJ  >  1.2up{.  Under 
such  conditions,  the  inertial  effects  which  are  represented  by  the  real  part  of  the  squeeze  number  become 
negligibly  small.  Then,  the  complex  squeeze  number  reduces  to  it  cs  iV.  In  squeeze-film  bearing  studies 
[1-4],  generally  very  small  layer  thicknesses  are  considered,  and  thiis  the  use  of  the  classical  form  of 
the  squeeze  number  is  justified.  However,  in  the  application  of  fluid  layers  to  attenuation  of  bending 
vibrations  in  plates  [10-14],  a  wide  range  of  layer  thicknesses  and  frequencies  may  need  to  be  considered. 
For  such  applications,  Eq.  (4)  provides  a  more  comprehensive  governing  relation  for  the  linear  dynamic 
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behavior  of  viscous  compressible  fluid  layers. 


RECTANGULAR  GEOMETRY  FLUID  LAYERS 

In  the  following,  the  governing  relation  given  in  Eq.  (4)  is  applied  to  a  rectangular  geometry 
fluid  layer  which  has  boundaries  open  to  ambient  conditions,  as  sketched  in  Figure  1.  The  dynamic 
behavior  of  the  rectangular  geometry  fluid  layer  is  studied  independent  of  the  dynamic  charateristics 
of  the  enclosing  surfaces.  An  arbitrary  velocity  distribution  is  assigned  to  the  enclosing  surfaces  and 
the  corresponding  pressure  response  of  the  fluid  layer  is  determined.  In  the  solution  process,  first  the 
eigenvalues  and  the  eigenfunctions  of  the  corresponding  homogenous  problem  are  determined.  Then,  the 
forced  response  of  the  system  is  obtained  by  utilizing  the  orthonormal  eigenfunctions  in  a  Fourier  series 
representation  of  the  system  variables. 

UNFORCED  RESPONSE 

In  order  to  determine  the  eigenvalues  and  eigenfunctions  of  the  rectangular  fluid  layer,  the  fol¬ 
lowing  boundary  value  problem  is  considered: 


Si*  *  8j’  +<'*-“• 


BCt :  ♦(O.r)  =  *(l.r)  =  ®{i,0)  =  =  0 


where  *(*,*)  represents  the  imforced  pressure  distribution  in  the  layer,  x  =  x/L  and  t  =  t/L  are  the 
normalized  coordinates  and  <li  =  b/L  is  the  aspect  ratio.  For  the  rectangular  geometry,  the  characteristic 
length  is  chosen  as  (  =  L  . 

The  eigenvalues  and  the  eigenfunctions  of  the  homogenous  problem  are  obtained  as 


o’mn  =  (mv/V')’  +  (nx)’ 


*mn(*.x)  = -^  »in(nxi)  8in(mx*/V'),  m,n=l,2,...  (9) 


Then,  the  characteristic  equation  for  the  modal  frequencies  of  the  fluid  layer  is  given  by 


(■^)  “■ — [("’f)’ +  ("•»/'<’)’]=  0  >  m,n  =  l,2,...  (10) 

where  xt^,  =  x<(ui„„).  Note  that,  due  to  dissipative  viscous  effects  induced  in  the  fluid  layer,  the  natural 
frequencies  uim,  are  complex  valued.  Therefore,  the  time  dependence  e"*"— ',  considered  earlier  in  this 
study,  implies  standing  waves  with  time-decaying  amplitudes  for  eeu:h  independent  solution. 

Since  Eq.  (10)  is  a  complex  transcendental  equation,  it  is  unlikely  that  it  will  allow  a  closed  form 
solution.  The  modal  frequencies  u„„  can  be  determined  by  numerical  methods.  As  an  alternate  solution, 
the  asymptotic  forms  of  Eq.  (10)  are  considered  to  find  approximate  relations  for  the  modal  frequencies 
of  the  fluid  layer.  In  the  following,  limiting  cases  corresponding  to  x/  <  0.444  and  x<  >  0.444  are  discussed. 
Case  xi  <  0.444 .  The  characteristic  frequencies  are  approximated  by 

(wmn),.,  =:  ±  J  [(nx)’-|-(mx/^t)’]‘^’ ,  m,n  =  l,2,...  (11) 

For  this  particular  case,  viscous  shear  waves  which  are  induced  near  the  enclosing  surfaces  are  not  able 
to  penetrate  towards  the  center  of  the  fluid  layer.  Therefore,  the  dissipative  viscous  shear  forces  have 
no  effect  on  the  main  motion  of  the  fluid.  Since  diuing  the  derivation  of  the  governing  equations  the 
narrow  channel  assumption  was  made,  the  viscous  shear  components  other  than  the  one  parallel  to  the 
enclosing  siufaces  were  neglected.  Consequently,  the  characteristic  frequencies  ^ven  by  Eq.  (11)  implies 
non-dissipative  fluid  motion. 

Case  xj  ^  0.444 .  In  this  regime,  use  of  a  mass-stiffness-damping  (M-S-R)  representation  facilitates 
the  emalysis.  For  this  case,  the  characteristic  equation  is  given  by 

bimn  "t  I  Rfnn  *Vn,n  “*  Smn  “0,  a  —  1,2,...  (12) 

where 

Afmn  =  1.2/>|  =  Afo ,  Rmn  ~  =  Bo  t  ^  [(ax)*  +  (mx/^)*|  (13) 
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These  modal  parameters  Afm„,  Rmn  and  Smn  represent  the  mass,  damping  and  the  stiffness  of  a  rectangular 
geometry  fluid  layer,  where  each  is  defined  per  unit  volume  of  the  fluid.  liquation  (13)  implies  same 
constant  values  Mo  and  Ro  for  each  mode,  while  Smn  depends  on  the  order  (m.n)  of  a  mode.  Further 
anology  with  a  lumped-parameter  multi-degree  of  freedom  system  yields  the  undamped  modal  frequencies 
wmno  =  '^Snn/Mo  and  the  modal  damping  ratios  Cmn  =  fto/(2  v/Woi’m„).  Then,  the  characteristic  equation 
takes  a  more  familiar  form 

which  yields 

(Wmn),,a  =  Wmno  i  ^  f  “  Cmn  ]  t  m,n=  1,2,...  (15) 

The  free  vibration  response  of  the  fluid  layer  is  determined  by  considering  the  separable  form  of 
the  fluid  pressure  p(j:,z,<)  =  *(i,z,u)9{0.  Since  the  time  dependent  part  was  represented  by  q(t)  =  e"*"', 
the  complex  modal  frequencies,  and  w„„,  give  two  independent  solutions  qmtiAi)  =  «■"—>*  and 
5mn,(0  =  Then,  the  general  unforced  response  of  the  fluid  layer  is  obtained  by  forming  a  linear 

combination  of  these  independent  solutions 

2  “  r  .  .1 

p(i,j,t)=  -y=  ^  4* -I-  Bm„«‘"’‘“4'jsin(nv*)  (16) 

m.n 


where  um„^  =  is  th®  damped  modal  Crequency.  The  constants  Amn  and  Bmn  are  determined 

from  initial  conditions.  Equation  (16)  implies  that  each  mode  may  contribute  to  the  pressure  response 
of  the  fluid  layer  in  one  of  two  possible  ways. 

i)  When  <  1  or  equivalently  RJ  <  iUoSma,  then  the  mnth  mode  performs  harmonic  os¬ 

cillations  with  an  amplitude  that  decays  in  time.  Since  the  rate  of  decay  is  governed  by 
CmnUmn,  =  6ii/(1.2  dj),  the  response  of  the  corresponding  mode  decays  faster  in  time  if  the  layer 
is  made  narrower. 

ii)  WhenCmn  >  1  or  equivalently >  4  Afo5m»,  then  no  oscillations  are  possible,  and  the  fluid  motion 
can  be  given  as  a  superposition  of  two  exponential  time-decaying  functions. 

Since  the  damping  ratio,  <mn,  is  inversely  proportional  to  the  order  of  a  mode  (m.n),  the  case  Cmn  >  1  is 
more  likely  to  happen  for  low-ordered  modes.  For  a  general  set  of  initial  conditions,  the  pressure  response 
of  the  fluid  layer  will  be  composed  of  modal  contributions  with  different  types  of  time-dependence;  the 
low-frequency  modes  will  contribute  with  pure  exponential  time-decay,  while  the  high-frequency  modes 
perform  sinusoidal  oscillations  with  time-decaying  amplitudes. 

FORCED  RESPONSE 

In  the  forced  response  analysis,  the  squeezing  vibrations  of  the  enclosing  surfaces  are  considered. 
The  pressure  induced  in  the  fluid  layer  is  determined  by  assigning  an  arbitrary  space  distribution, 
Vi{x,z,u),  to  the  rate  of  layer  thickness  variation.  The  orthonormal  eigenfunctions  *mn(x,z)  are  utilized 
in  Fourier  series  representation  of  variables  H(i,z,i.>)  and  P(x,z,u): 

Vi(i,*,u)=:  W_.(u>)*„„(x,z)  and  R(r,2,w)  =  ^  R,„(w)*„„(i,*)  (17) 

m,fi  m,n 


where  the  coefficients  Vt_.(w)  are  given  by 

/■»  r* 


2  f* 

W„(w)=  ^  Vi(x,z,u)aa{nwx)mn{mxz/il>)dzdx, 

The  pressure  response  of  the  fluid  layer  is  obtained  from  Eq.  (4)  as 

2  ^  <TC„„ 


m,  n  =  0, 1,2, . .. 


P(x,z,u)  = 


^  m,n  [(m/V')’  -t-  n»  -  »/»’] 


ain(n)rz)  am(mx z/^) 


(18) 


(19) 


where  The  pressure  response  of  the  fluid  layer  depends  strongly  on  Cmn  and  a  which 

describe  the  spatial  distribution  of  the  layer  thickness  and  the  dynamic  regime  of  the  fluid  layer. 

In  order  to  represent  the  dynamic  behavior  of  the  fluid  layer,  a  surface  impedance  is  defined, 
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Zi(z,z,u)  =  -p(x,z,u)/Vi(z,z,(ji).  Equations  (17)  and  (19)  are  utilized  in  finding  an  explicit  form  for  the 
surface  impedance; 


Zi(z,z,u)  = 


_ a _ 

(mn)  (m/0)*  +  n’  —  »/»* 


sin(nrz)  •m(mzz/0) 


(20) 


The  denominator  of  Eki-  (£0)  implies  that  the  resonances  will  occur  when  S,{o-}  =  R,  =  (m»/0)’  +  (n»)’. 
At  a  resonance,  the  impedimce  of  the  fluid  layer  becomes  infinitely  large.  Thus,  the  layer  becomes  very 
stiff  as  felt  by  the  enclosing  surfaces.  This  resonance  behavior  is  just  the  opposite  of  what  is  observed 
commonly  in  other  mechanical  systems,  where  at  a  resonance  the  impedance  would  go  to  zero. 

The  real  part  of  this  surface  impedance  can  be  utilized  to  determine  the  dissipative  behavior  of 
the  fluid  layer.  The  time-averaged  vibrational  power  flowing  into  the  fluid  layer  through  the  oscillating 
surfaces  is  defined  as: 

=<  pfi.riOv/C*.*.*)  >  =  5  *t{2j(i,z,w)}  (21) 

Substituting  Zi(z,z,u)  from  Elq.  (20)  and  integrating  Eq.  (21)  over  the  spatial  domain  gives  the  total 
time-averaged  vibrational  power  absorbed  by  the  fluid  layer: 

.  f  —  [(■./>)■.>  .-I  i.  — ^ 

(m  n)5 1  [  (m/0)>  n>  -  /!./»»]  *  -I-  /|/»<  } 


where  <r  =  R,  +  i I,.  The  denominator  of  Eq.  (22)  implies  possible  peaks  in  dissipated  energy  as  the 
frequency  approaches  the  resonances  of  the  fluid  layer. 

ASYMPTOTIC  FORMS 

The  limiting  forms  of  the  complex  squeeze  munber  are  utilized  in  the  discusion  of  the  following 
asymptotic  forms. 

Case  X/  <  0.444 .  Since  the  transverse  shear  waves  that  are  induced  by  the  oscillations  of  the 
enclosing  surfaces  decay  rapidly  within  distances  in  the  order  of  d,,  this  case  corresponds  to  negligible 
dissipative  effects  in  the  fluid  layer.  The  coupling  constant  Kc  becomes  strongly  inertia-controlled, 
since  its  part  representing  the  viscous  effects  is  inversely  proportional  to  the  third  power  of  the  layer 
thickness.  Thios,  the  main  motion  of  the  fluid  layer  becomes  inertiaUy  coupled  to  the  motion  of  the 
surfaces.  This  coupling  behavior  should  not  be  confused  with  the  actual  motion  of  the  fluid,  where  in 
addition  to  the  inertia,  the  compressibility  of  the  fluid  also  plays  an  important  role.  For  this  special 
case,  cr  =  -f  iziMPi  “>d  the  fundamental  resonance  occurs  at  />»  =  (1/2 1.)[(l/0’  + 1)  Pclpt]'^^  (Wx). 

For  example,  a  10  x  10  cm  air  layer  at  atmospheric  equilibrium  pressure  gives  fn  =  2850^ x. 

Case  zj  ^  0.444 .  The  complex  squeeze  number  is  given  by  <r  =  (“  Ma +iRo)L'‘u/Pt.  Then,  the 
surface  impedance  of  the  fluid  layer  becomes 


16 


E 

m,n 

•44 


(— Ao  +  iw  A/o) 

(mn)(ui’Afo  -  Smn  +  »wAo) 


sin(nxz)  8m(mTx/0) 


(23) 


Since  Ro  =  I2p/dl,  the  bandwidth  of  resonances  increases  as  the  layer  is  made  narrower. 
APPLICATION 


The  application  of  the  above  results  are  demonstrated  on  a  rectangular  fluid  layer  which  has 
constant  distribution  of  stirface  velocities,  Vi(z,x,u)  =  ('(w).  In  literature,  special  cases  of  this  problem 
has  been  considered  for  gas  bearings  [2,3,6]. 

For  this  example,  integration  of  the  fluid  pressure  over  the  surface  area  yields  a  total  reaction 

force: 


fHw)  =  «i^f: — — \ - 

^  (mn)’  (m/0)  -fn’— or/x’ 


(24) 


where  c  =  V(u)/(-iudt).  Under  special  limiting  conditions,  when  the  complex  squeeze  number  is  approx¬ 
imated  by  O'  ~  up,  Eq.  (24)  gives  the  same  the  results  as  given  by  Blech  [3]. 

In  this  case,  the  dynamic  behavior  of  the  fluid  layer  can  be  described  in  terms  of  an  effective 
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impedance  Zrlu)  =  ~Ft(u)/V(u),  which  is  given  as: 


f  - - Z - ^  (25) 

The  normalized  magnitude  of  the  layer  impedance  is  plotted  in  Figure  3  with  respect  to  the  real  and 
the  imaginary  parts  of  the  complex  squeeze  number  for  an  arbitrary  value  of  the  aspect  ratio  ^  =  0.7. 
According  to  Figure  3,  when  both  R,  and  I,  have  small  values,  the  fluid  layer  has  a  low  impedance. 
This  case  corresponds  to  relatively  large  layer  thicknesses  and  low  frequencies.  Then,  starting  from  this 
low-end-comer  in  Figure  3  and  increasing  the  frequency  of  vibrations  or  decreasing  the  thickness  of  the 
layer  increases  the  contribution  of  the  inertial  and  the  viscous  effects  in  the  response  of  the  fluid  layer. 
The  net  restilt  is  an  increase  in  the  impedance  of  the  fluid  layer.  Again  starting  from  the  low-end-comer, 
if  the  frequency  is  kept  constant  and  the  layer  thickness  is  decreased,  then  the  resistance  due  to  viscous 


Figure  3.  The  Dormaliied  impedaaee  of  a  rectangular  geometry  fluid  layer 
which  has  a  constant  spatial  distribution  of  the  surface  velocities. 
iff  =  R,  +  i  I,}. 


Figure  4.  The  normalised  time-averaged  power  flowing  into  a  rectangular 
geometry  fluid  layer  which  has  a  eonstant  spatial  distribution  of 
the  surface  velocities,  (e  =  R,  4  i  /•). 
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forces,  flo  =  increases,  which  raises  the  impedance  of  the  fluid  layer  until  it  reaches  a  maximum. 

Then,  any  further  decrease  of  the  layer  thickness  causes  a  decrease  in  the  impedance  since  the  flow 
becomes  blocked  due  to  increased  stiffness  of  the  layer  [4], 

In  the  other  direction,  if  the  viscous  shear  effects  are  kept  relatively  small  and  the  inertial  fluid 
forces  are  increased  by  increasing  the  frequency,  then  the  layer  impedance  starts  to  shew  some  peaks 
and  valleys,  which  correspond  to  the  resonances  of  the  rectangular  geometry  fluid  layer.  In  this  example, 
the  fundamental  resonance  occurs  at  R,  -  30.0,  which  corresponds  to  log,o(ii,)  =  1.477.  As  observed  from 
Figure  3,  this  fundamental  resonance  has  a  sharp  peak  for  small  /,,  which  corresponds  relatively  large 
layer  thicknesses.  But,  as  the  layer  thickness  is  made  smaller,  then  the  peaks  are  smoothed  out  due  to 
the  increased  viscous  dissipation  in  the  fluid  layer.  A  similar  behavior  is  observed  for  the  higher  modes 
of  the  fluid  layer. 

In  addition  to  the  layer  impedance,  the  dissipative  behavior  of  the  fluid  layer  is  analyzed.  The 
normalized  time-averaged  power  absorbed  by  the  fluid  layer  is  plotted  in  Figure  4  with  respect  to  real  and 
imaginary  parts  of  the  squeeze  number.  In  Figure  4,  as  a  resonance  of  the  fluid  layer  is  approached,  the 
total  power  absorbed  by  the  fluid  layer  shows  a  sharp  increase.  Under  such  conditions,  the  contribution 
of  the  resonated  mode  to  the  total  power  becomes  inversely  proportional  to  Ro-  Therefore,  as  observed 
from  Figure  4,  lowering  the  thickness  of  the  layer  has  an  inverse  effect  of  decreasing  the  total  power 
flowing  into  the  fluid  layer.  Away  from  resonances  and  at  lower  R,  values,  the  total  time-averaged  power 
flowing  into  the  layer  increases  with  decreasing  layer  thickness. 

CONCLUSIONS 

Consideration  of  a  complex  squeeze  number  resulted  in  an  efiScient  representation  of  linear  dy¬ 
namic  behavior  of  viscous  compressible  fluid  layers.  Since  the  formulation  of  the  problem  was  based  on 
a  general  surface  velocity  distribution,  the  results  presented  in  this  study  can  be  applied  to  any  special 
case.  The  surface  impedance  of  the  fluid  layer,  given  in  this  study,  can  be  utilized  in  the  aaalyis  of 
coupled  dynamic  behavior  of  finite  plate-fluid  layer  systems. 
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ABSTRACT 

This  paper  deals  with  shock  intensity  of  warship  propulsive  system  (WPS)  and  its  fuzzy  compre¬ 
hensive  evaluation.  The  le\'el  of  shock  intensity  and  the  factor  reference  set  which  consists  of  all  the 
intensity  evaluating  factors  are  presented.  The  method  of  single  and  two  stage  mnltifactorial  evalua¬ 
tion  is  used  to  evaluate  the  shock  intensity.  This  method  is  applied  to  analysing  a  damage  problem  of 
WPS  of  a  mine  countermeasures  vessel  under  explosion  circumstances.  The  theoretical  analysis  result 
is  compared  with  experimental  one  and  the  agreement  is  encouraging. 

INTRODUCTION 

Warship  Propulsive  System  (WPS)  is  the  heart  of  a  warship.  Whether  a  warship  esm  operate 
normally  or  not,  it  mainly  depends  on  the  reliability  of  WPS.  With  the  development  of  new  vibration 
isolation  system  on  warship,  more  and  more  study  has  been  done  on  its  resisting  shock  function, 
especially  when  WPS  is  exposed  to  shock  circumstance  caused  by  underwater  non-contact  explosion. 

It  is  well  known  that  shock  evaluation  is  a  very  important  subject  in  investigation  of  shock  response. 
How  to  determine  an  evaluation  criterion  is  the  key  proUem  in  analysis  of  a  damage  caused  by  shock. 
So  far  the  shock  response  magnitude  has  almost  been  adopted  to  be  a  criterion  in  most  standards 
and  references.  Generally,  acceleration  is  used  to  be  an  evaluation  criterion  in  shock  measurement 
and  analysis,  because  it  b  easy  to  measure  and  has  directly  relation  with  force.  Therefore  shock 
damage  level  of  structure  is  supposed  to  be  determined  by  acceleration.  Acceleration  spectrum  and  its 
time  history  have  also  been  widely  used.  Another  criterion  of  shock  evaluation  b  velocity  response. 

H.A.Gaberson  analyzed  transverse  wave  in  rod  and  longitudinal  wave  in  beam  and  concluded  that 
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modal  stress  has  only  relation  with  velocity  function  and  independence  of  fre<iuency''L  He  also  pointed 
ont  that  acceleration  magnitude  has  not  direct  relation  with  shock  damage  level  and  modal  velocity 
should  be  chosen  as  shock  evaluation  criterion.  In  engineering  derign  and  measurement,  shock  velocity 
spectrum,  especially  pseudo  velocity  spectrum  is  widely  used.  However,  shock  is  very  complicated, 
so  shock  criterion  should  reflect  such  a  complexity.  Unfortunately,  above  evaluation  criterion  only 
considered  one  aspect  of  shock,  that  has  not  included  aU  the  intensity  evaluating  factors.  In  this 
paper  shock  intensity  of  WPS  and  its  fuzzy  comprehensive  evaluation  are  presented.  The  level  of  shock 
intensity  and  the  factor  reference  set  are  established.  The  method  of  single  and  two  stage  mnltifactorial 
evaluation  is  applied  to  analysing  a  damage  problem  of  WPS  of  a  mine  conntermeasuies  vessel  under 
explosion  circumstances.  The  theoretical  analysis  result  is  compared  with  experimental  one  and  the 
agreement  is  good. 

SHOCK  INTENSITY 

Shock  damage  is  not  only  related  to  response  magnitude,  but  also  to  shock  resource,  shock  pulse 
time,  structure  material,  equipment  arrangement,  human  reaction  and  etc.  Therefore,  in  order  to 
entirely  assess  the  damage  level  of  structure  or  equipment  caused  by  shock,  all  above  factors  must 
be  comddered.  Shock  intensity  presented  in  tlus  paper  includes  aU  these  factors.  Shock  intensity  is 
defined  as  follows:  when  structure  or  equipment  is  subjected  to  shock  excitation,  multi-factors,  such 
as  response  magnitude,  shock  resource  and  angle  element  damage  index,  must  be  included  to  evaluate 
structure  or  equipment  damage  level  caused  by  shock. 

SHOCK  INTENSITY  SET  AND  FACTOR  SET 

Under  shock  circumstance  caused  by  non-contact  underwater  explosion,  WPS  may  be  subjected 
to  different  damage:  no  damage  basically,  damage  to  some  extent,  complete  damage  and  etc.  Shock 
intensity  of  WPS  exposed  to  underwater  exploaon  is  classified  into  five  leveb  as  follows 

=(/„/„/„  A,  /.  )  (1) 

in  which 

/i  —  normal  operation. 

/}  —  slight  damage,  but  the  system  stiB  maintain  operating  normally. 

Ji  —  damage  to  some  extent  that  means  structure  or  equipment  of  the  system  is  damaged  and 
its  function  decreases  greatly,  but  the  system  can  still  operate. 

It  —  damage  heavily,  serious  malfunction  happens  in  the  system  and  its  matching  function 
decreases  greatly,  but  through  emergency  measures  it  can  be  operated  for  short  time. 
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Figure  1:  GrapUc  membership  functiou 
/t  —  loss  of  survivability. 

U  —  the  shock  intensity  reference  set,  which  is  a  discrete  set. 

Instead  of  a  jump  discrete  point  set,  the  shock  intensity  varies  from  one  level  to  its  a4jaceat  level 
gradually,  which  shows  the  futzy  characteristics  of  definitaon  of  shock  intensity. 

tlsnally,  it  is  easy  to  determine  two  rituations  of  the  system:  normal  operation  /|  and  loss  of 
survivability  /$.  Therefore,  after  determining  boundary  i|  of  /|  and  boundary  it  of  fi,  the  shock 
intensity  set  becomes  a  closed  interval  on  real-axis,  i.e. 

W'  =  {  i  I  i  6  [0.5]  )  =  [o,  5]  (2) 

whereas  each  intensity  level  /,  (i  =  1, . . . ,  5)  in  the  discrete  set  ff  is  a  fuzzy  subset  in  a  continuous  set, 
i.e.  a  fuzzy  interval  in  a  closed  interval  [0,  5|,  its  membership  function  fi/,  is  given  in  figure  1. 

Shock  intensity  level  I  is  also  a  fuzzy  interval  and  has  to  satisfy  two  characteristics: 

(1)  The  membership  level  at  midpoint  of  interval  teaches  a  maximum  and  equals  to  1; 

(2)  At  a  joining  point  of  two  intensities,  both  of  two  membership  levels  are  the  same  and  equal  to  0.5. 

There  are  two  types  of  memberslup  function:  rinusoidal  and  normal.  Sinusoidal  membership 
function  is  only  extended  to  a^acent  intensity  level,  whereas  normal  membership  function  can  be 
extended  to  every  intensity  level.  Therefore  normal  membership  function  is  more  widely  used  than 
sinusoidal  one.  In  this  paper  normal  membership  function  is  adopted. 

The  factor  reference  set  which  consists  of  aU  the  intensity  evaluating  factors,  can  be  defined  as 

V={v.,  K.,  V«)  (3) 

where,  each  Vj{j  =  1, ...  ,4)  represents  a  factor  subset  which  means  individually  as  follows 
Subset  1  (Vj):  damage  index  S  for  different  kind  of  structure  or  equipment; 
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Subset  2  (Vi):  base  motion  nugnitade,  such  as  vertical  acceleration  a,,  horizontal  ai,,  vertical 
shock  velocity  o,; 

Subset  3  (Vi):  factors  influencing  on  intensity  that  may  be  got  partly,  such  as  the  deformation  of 
warship  under  explosion,  relation  between  shock  resource  and  warship; 

Subset  4  (V4):  intensity  magnitude,  which  is  very  difficult  to  give  out  ,  such  as  human  reaction. 

For  Vi  and  Vi  factor  subset,  it  is  difficult  to  get  the  real  value  of  shock  intensity.  So  fuzzy  statistical 
data  or  expert  evaluation  is  inevitable  to  determine  these  factor  levels,  whereas  for  li  and  Vi  factor 
subset,  membership  function  can  be  set  up,  and  single  factor  evaluation  can  be  obtained  based  on 
these  function.  Unfortunately,  so  far  the  shock  test  data  is  very  limited,  it  is  very  difficult  to  establish 
corresponding  membership  function  which  needs  much  more  data  and  information  on  shock.  Therefore, 
membership  function  of  Vi  and  Vj  established  in  this  paper  and  evaluation  matrix  derived  from  these 
functions  are  subjective  to  a  certain  extent.  A  large  number  of  test  is  needed  to  check  these  functions. 

Damage  level  of  each  equipment  or  structure  is  expressed  by  its  shock  damage  value.  0  means 
normal  operation;  1  represents  complete  damage.  Other  damage  level  between  these  two  extreme  level 
are  divided  into  several  levels  Usted  in  table  1. 


Table  1 


shock  intensity 

D 

a 

1, 

B 

U 

danuge  index  S 

av«raf« 

0 

0.15 

0.45 

0.8 

1.0 

of  equipment 

fwife 

0 

0-0.3 

0.3-0.6 

0.6-1.0 

1.0 

Due  to  complication  of  warship  structure  and  different  arrangement  of  equipment,  the  shock 
damage  level  of  structure  or  equipment  b  different.  In  thb  paper  we  consider  shock  intensity  on  the 
foundation  structure  or  equipment,  and  assume  that  structure  or  equipment  are  rigidly  jointed  with  the 
foundation.  Therefore,  both  damage  leveb  of  structure  or  equipment  and  foundation  may  be  considered 
as  the  same.  The  acceleration  and  shock  velocity  of  five  shock  intensity  level  are  shown  in  taUe  2. 


Table  2 


shock  intensity 

D 

"‘1 

h 

I4 

B 

vertical  acceleration 

B 

140 

180 

220 

00 

(«) 

range 

0-120 

120-160 

160-200 

200-240 

vertical  shock  velocity 

avenge 

1.25 

2.75 

3.5 

ma 

00 

V,  (m/s) 

range 

0-2.5 

2.5.3.O 

a 

4.0-5.0 

5.0- 00 

FUZZY  COMPREHENSIVE  EVALUATION  OF  SHOCK  INTENSITY 
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Figure  2:  Block  diagram  of  evaluation  process 

There  are  many  factors  that  may  be  considered  in  evaluating  shock  intensity.  Here  we  use  the 
method  of  two-stage  evaluation,  whose  steps  are  as  follows. 

Because  each  factor  subset  includes  some  sub-factors,  first  we  have  to  evaluate  every  by  using 
single-stage  evaluation.  Second,  based  on  the  results  of  single-stage  evaluation  two-stage  evaluation  is 
treated.  Thus  the  two-stage  fuzzy  evaluation  model  is  establ-shedl*l. 

Single-stage  comprehensive  evaluation:  each  factor  subset  includes  r,  factors.  In  order  to  denve  the 
evaluation  matrix  Rj,  weighting  function  Ay  should  be  determined.  Weighting  function  Ay  represents 
the  contribution  of  each  factor  in  factor  subset  Vy.  Assuming  the  evaluation  matrix  of  Vy  to  be  as  Rj, 
the  corresponding  fuzzy  level  vector  Bj  b  obtained  as  follows 

Bi  =  AjxRj  (4) 

Two-stage  comprehensive  evaluation:  By  is  the  result  of  angle-stage  comprehensive  evaluation 
about  Vy.  Based  on  thb  result,  we  decide  the  total  weighting  function,  which  represents  the  contri¬ 
butions  of  each  factor  subset  in  factor  set  V.  The  total  evaluation  matrix  B  consists  of  6y.  The  final 
fuzzy  vector  is  obtained  as  follows 


B*  =  Ax  B 


(5) 


Above  process  b  shown  in  figure  2. 

Before  using  the  fuzzy  comprehensive  evaluation,  it  b  necessary  to  determine  membership  function. 
Here  normal  membership  function  b  adopted,  that  is 
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(6) 


^(*)=  „p(-(?_^)‘) 

tn 

in  which  m  and  c  are  constants.  The  constant  c  may  be  obtained  from  the  condition  of 

=  0.b  (7) 

Then  we  can  get 

e  =  0.6  ( -  3Cj  )  (8) 

where  Zy,  xj+i  (j  =  1,...,4)  are  the  boundary  valnes  of  intervals.  The  calculation  results  are  given  in 
table  3. 

According  to  Equation  (6),  each  element  of  fuzzy  relation  Rj  is  obtained,  i.e.  rtj  =  ftij  (>  = 
l,...,5,y=l,...,4) 

ro(V',)  =  ezp(-(^^^^)’)  (9) 

«0 


Table  3 


factor 

S{Vi) 

a 

_ 

intensity 

niij 

m,j 

*'■> 

/. 

0 

0 

60 

72 

36 

36 

1.25 

1.5 

/. 

0.15 

0.18 

140 

24 

84 

12 

2.75 

0.3 

/. 

0.45 

0.18 

180 

24 

108 

12 

3.5 

0.6 

u 

0.8 

0.24 

220 

24 

132 

12 
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Based  on  r,y,  each  fuzzy  evaluation  can  be  treated  to  each  single  factor  of  a  practical  problem, 
and  the  evaluation  results  iZ,-  (i  =  1, . . . ,  4)  can  be  obtained. 

The  fuzzy  comprehensive  evaluation  is  applied  to  checking  a  practical  shock  evaluation  problem  in 
reference  [3].  Explosion  test  results  give  out  factor  values  at  foundation  of  a  diesel  engine  :  S(Vi)  =  0.7, 
av(V})  =  179,  as(Vt)  =  107.4  and  =  3.5.  Fuzzy  vector  of  its  shock  intensity  is  required  to  be 

determined.  Substituting  Vj  values  and  data  listed  in  table  3  into  equation  (9),  we  can  obtain 

Hi  =  [  0.00,  0.00,  0.15,  0.84,  0.00  ] 

Hi  =  [  0.03,  0.07,  1.00,  0.05,  0.37  ] 


eoo 


=  [  0.02,  0.02,  1.00,  0.01,  0.37  ] 

R*  =  I  0.11,  0.00,  1.00,  0.06,  0.37  ] 

After  single  factor  evalnation,  vector  Rj  {j  =  1,...,4)  is  obtained,  single>stage  comprehensive 
evaluation  can  be  calculated  according  to  equation  (4). 

Only  one  factor  is  included  in  subset  V|,  i.e.  damage  value  of  equipment  5(Vi)  =  0.7.  Weighting 
vector,  A|  =  [1.0]  is  chosen  because  of  only  one  factor.  Therefore,  we  have 

Bi  =  =  [  1.0  ]  [  0.00,  0.00,  0.15,  0.84,  0.00  ]  =  [  0.00,  0.00,  0.16,  0.84,  0.00  ] 

Three  factors,  Ovi  <»*  e,  are  included  in  subset  Vj.  Weighting  vector  Ai  is  given  according  to 
experience  data,  i.e.  At  ~  |0.4, 0.2,0.4].  We  obtain 

0.03  0.07  1.00  0.05  0.37 

Bt  =  [  0.4,  0.2,  0.4  ]  0.02  0.02  1.00  0.01  0.37  =  [  0.06,  0.03,  1.00,  0.06,  0.37  | 

0.11  0.00  1.00  0.06  0.37 

So  far  the  research  on  underwater  explosion,  the  deformation  of  warship  and  human  reaction  are 
very  limited.  Therefore  it  is  hard  to  determine  the  evaluation  factors  of  V(  and  V4.  Here,  comparing 
the  research  result  of  earthquake  with  one  of  underwater  explosion,  single  stage  evalnation  results  of 
fuzzy  vector  are  obtained: 

Bt  =  [  0.00,  0.36,  0.48,  0.32,  0.00  ] 

Bt  =  [  0.00,  0.48,  0.50,  0.12,  0.00  ] 

Determining  total  weighting  vector,  A  =  [0.3,0.4,0.15,0.15],  the  two-stage  comprehensive  evalua¬ 
tion  is  obtained 

B'  =  [  0.3,  0.4,  0.15,  0.15  ] 

It  is  the  final  evaluation  result.  Anatysing  the  membership  level  in  intensity  fuzzy  vector  B*,  we 
can  conclude  that  main  intensities  are  located  in  /$  and  I4,  and  this  analy^  is  basically  in  agreement 
with  the  explodon  test  result. 

eol 


CONCLUSIONS 


Front  above  investigation,  some  conclusions  may  be  drawn: 

1.  Shock  intensity  is  a  comprehensive  index  in  analysing  the  damage  of  WPS  equipment  or 
structure  subjected  to  underwater  explosion  shock  excitation,  and  includes  shock  response,  structure 
or  equipment,  explosion  resource  and  etc.  The  method  of  single  and  two  stage  comprehensive  evaluation 
may  be  a  smtable  way  for  solving  evaluation  problem  of  shock  intensity  of  WPS. 

2.  Basically,  shock  intensity  set  and  factor  set  include  almost  all  information  of  shock  intensity 
analysis.  It  is  reasonable  to  evaluate  shock  intensity  using  two  stage  fuzzy  comprehensive  evaluation. 
The  theoretical  analysis  is  basically  in  agreement  with  the  experimental  result. 

3.  It  is  an  exploration  to  apply  the  method  of  fuzzy  comprehensive  evaluation  into  investigating 
shock  intensity  of  WPS.  The  concept  and  analysis  methods  presented  in  this  paper  should  be  further 
improved. 
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This  paper  presents  the  results  of  evaluation  of  sound  radiation  of 
oom  meohanisms.The  terms  for  Energy  Accounting  Equation  have  been  obtained 
for  this  kind  of  mechanisms.  The  equation  of  the  radiation  efficiency  of  a 
shaft  with  a  finite  lenght  and  flexural  mode  of  vibration  has  been 
obtained. 

The  prediction  of  the  level  of  noise  of  the  cam  mechanisms  based  on 
the  results  of  the  investigations  has  been  validated  experimentally. 


INTRODUCTION 

In  a  first  approximation  a  number  of  cam  mechanisms  could  be  modeled 
as  a  system  with  an  elastic  body  impacting  a  metal  cylindrical  shaft.  The 
solution  of  the  problem  of  sound  radiation  from  this  system  has  been  based 
on  the  statistical  energy  method. 

The  level  of  the  sound  energy  (A-weighted)  radiated  by  an  element  of 
this  system  per  one  shock  can  be  presented  in  the  form  of  the  Energy 
Accounting  Equation  [1 ]: 


l^q(A.fo.Ar)=10lglF’(ro)|2+10lgRe[H^(fo)/d]+10lg(O^^dA/fj3)+ 

+ 1 0lg  ( Af/fg )  -1  Olgut  1 0lg  (S/M ) +1  Olg  (  PoCq/2tc  1 0"  ^ ) 


(1) 


where  F*  (Ip)-  is  the  force  derivative  spectrum; 

H^(fQ)-  is  the  structural  response  of  the  element; 

Orad  -  is  the  radiation  efficiency  of  the  element; 

?,S,M  -are  the  loss  factor, surface  area  and  the  mass  of  the  element; 

Q.Af  -  is  the  band  centre  frequency  and  frequency  band; 

Pq.Cq  -  are  the  density  and  speed  of  sound  in  air. 

This  method  has  been  used  suooesfully  for  prediction  of  machine  noise 
in  many  cases  [1 ].  Thus, in  this  paper.  Energy  Accounting  Equation  has  been 
obtained  for  evaluation  of  noise  of  the  cam  type  mechanisms. 


Por  the  mechwisms  under  study  the  load  is_  usually  standard  and  is 
given  by  F=PQSln'^ (TCt/T ) .  Then  the  value  IF'(f)l  will  be; 

I P  ( f )  I -PQ^sln^  (iptf )/ (1  -  (f  T 
803 


(2) 


where  F^.T:  -  are  the  amplitude  and  duration  of  the  shook; 
f  -  is  the  frequency. 

The  amplitude  of  the  foroe  oould  be  determined  from  the  properties  of 
the  mechanism; 


Fq=  TdiV/T 

where  M  -  is  the  mass  of  the  impacting  body; 

V  -  is  the  impact  velocity. 

The  value  Re(Hc/d)  of  the  shaft  in  the  region  of  frequencies 
above  the  first  resonance  oould  be  obtained  using  its  characteristic 
impedanoe[2}: 

Re(Hc/J)=1/[f^^^i^^^(2ic2p,  (3) 

where  c,  ,r,p, -are  longitudinal  wave  velocity,  radiiis  and  dencity  of  the 
shaft. 

The  value  Redi^/j)  for  the  impacting  body  is  equal  to: 

Re(I^c/J)=K7j/[(k-w2M)2+(ltT})2]  (4) 

where  k,M,T}  -are  the  assisting  stiffness, mass  and  loss  factor  of  the  body. 

The  radiation  effioienoy  ciof  the  impacting  body  can  be  assessed  from 
the  foimula[3]; 


Oj,=  (koR)V(4+(koR)^)  (5) 

where  R-is  the  equivalen  radius  of  the  impacting  bodyCradiius  of  the  sphere 
with  equivalent  to  impacting  body  surface  area); 
kj£2icr/CQ-is  wave  number  in  air. 

It^^s  been  determined  experimentally  that  the  assessment  of  the 
radiation  effioienoy  of  the  shaft  by  presenting  it  as  an  infinite 
oBoilating  cylinder  leads  to  a  great  number  of  errors.  That  is  the 

task  of  assessment  of  the  radiation  effioienoy  of  a  shaft  with  a  finite 
length  and  flexural  mode  of  vibration  has  been  put  forward. 

The  radiation  effioienoy  of  an  infinite  shaft  is  eq\jal  to [3]: 

o^=2/['ickprlH'^’'  (kpDI  ]^*.[l  +  (2/TckpV)®r°’®  (6) 

It  is  known  that  the  radiation  effioienoy  of  a  linear  group  of  n 
correct  phase  sources  with  their  own  effioienoy  Oq  can  be  determined  from 
the  expresBlon[4]: 


o^=Oq[  1  +  (2/nJ2  ( (n-1  )3lii(lkpd)/  (Ikpd) )  ]  (7 ) 

where  d  -  is  the  distance  between  the  sources. 

When  n  -•  00  and  nd  =  1  =  const,  after  a  number  of  transroimations  the 
expression  (7)  can  be  rewritten  in  the  form  of; 

o=o„[  (x/2  )S1  (kjjl )-  (ic/kol  )sln2  (31^1/2 )  3"C„(1  +  (ic/kol  )2  )-o-  ^  (s ) 

In  the  Eq.  (8)  the  expression  between  the  parentheses  characterizes 
the  influence  of  the  cylinder  on  its  effioienoy. 

Taking  into  account  Eq.  (6),the  expression  (8)  can  be  rewritten  in  the 
form  of: 


o- [  1  +  ( 1 +2/ickQ  V  1  ®  ( 1  +  (ic/k^jl  ^ 
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(9) 


\ 


The  expression  (9)  determines  the  radiation  effioienoy  ot  the 
osoilatlnx  cylinder  of  a  finite  length.  When  k^»x  the  expression  cor¬ 
responds  to  an  infinite  oscllating  cylinder,  bat  idien  .i.e.  on 

low  frequencies,  it  corresponds  to  the  dipole. 

When  the  osollatlons  of  the  shaft  take  place  on  its  own  frequencies, 
its  portions  with  a  length  of  X,  /2=l/n  are  moving  with  the 
alternating  phase  (Xf  is  the  length  of  we  flexural  wave  in  the  shaft). 

That  is  irtiy  let  us  consider  a  linear  grovq>  of  sources  with  the 
altemating  phase. 

The  radiation  efficiency  of  the  group  has  been  obtained  in  the  form 
of: 


n-i  . 

o^=OQ[l  +  (2/n)2:  ((-1  )^(n-l)8ln(l  k^tD/lkpil)) 


(10) 


Finally,  taking  account  of  Eq.(9)  and  Eq.  (10),  radiation  efficiency 
of  a  finite  cylinder  oscllating  in  one  of  its  own  forms  can  be  rewritten 
in  the  form  of: 


[  1  +  (2/n|i’  (-1 ) ^2sln ( lk^X/2 )/lk^X^]/ 1  ( 1  +  (2/nl^r^ )^ )  ( 1  +  (ZiUk^X^ )^ )  ]° •  ® 

(11) 

where  n  -  is  the  rnanber  of  the  oscilation  mode. 

The  expression  of  the  denominator  of  the  formula  (12)  reflects 
the  interaction  of  the  sections  of  the  cylinder  moving  in  the  antiphase 
and  substantially  diminishes  the  total  radiation  efficiency  and  more  so 
when  n-is  even. 

In  the  frequency  band  Af  the  average  radiation  efficiency  is  equal  to: 


n=nu  n=n 

0.-=(2  O  /r  ]/[S  1/r  ] 

AI  n  n  n 

n=nj  n=n 


(12) 


where  Hi  .Xlu-  are  the  lower  and  upper  number  of  the  mode  of  the  osollatlons 
in  the  frequency  band  Af; 
f  -is  the  n-resonanoe  frequency  of  cylinder. 

The  analysis  of  the  solution  has  shown  that  in  a  general  case,  the 
sound  radiating  system  can  be  dominated  both  by  the  radiation  of  the  shaft 
and  by  the  radiation  of  the  impacting  body. 

The  Table  1  presents,  as  an  example,  the  results  of  the  calculations 
of  the  sound  energy  radiated  by  a  system  for  the  following  parameters  of 
the  systmn: 

r=2«10"^ni  R=3x10"^ni  P,=8«  10^kg/m^  M=2x  10'^kg 

lc=10^N/m  T]^=10“^  T)=10“’  T=10"^s 


Table  1-  The  level  of  the  sound  energy  of  the  system  (dB  re  10“’^J) 


Source  Type 

Octave  band  centre  frequency,  (KHz ) 

Total (A) 

mm 

1 

2 

4  8 

The  shaft 

68 

62 

61 

39  27 

66 

The  impacting 
body 

56 

63 

64 

56  46 

69 
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ChiiifQtfoV' 


The  oalovilatlon  has  shoim  that  the  noise  of  the  meohanisms  imder  study 
is  determined  by  the  radiation  of  sound  of  the  elastic  body.  The  solution 
has  made  it  possible  to  obtain  the  dependencies  of  the  radiation  of  sound 
from  mechanisms  on  the  characteristics  of  the  system  and,  consequently, 
to  predict  the  efficiency  of  the  oonstruotional  means  of  reduction  of 
noise. 
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ABSTRACT 


The  posalbity  to  advance  the  parameters  of  the  internal  surroundings 
of  the  premises  by  the  pendulous  ceilings  was  appeared.  The  construction 
of  the  pendulous  ceilings  recommended  by  us  are  intended  for  the  complex 
improvement  of  the  aeroionic  and  acoustic  rates  in  the  different  purpose 
premises. 

INTRODUCTION 

At  present  in  the  rooms  for  various  purpose  the  hanging  ceiling  made 
of  the  sotind  absorbing  materials  are  commonly  used.  The  drawback  of  such 
hanging  ceilings  is  that  facilitating  the  improvment  of  the  sound  absorp¬ 
tion  in  the  room  and  to  a  considerable  extent  of  the  optimal  noise  condi¬ 
tions  achievement,  they  do  not  effect  on  the  improvement  of  such  parame¬ 
ters  of  the  microclimate  as  aero-ionic  conditions.  The  task  of  the  work 
vms  an  optimization  of  the  internal  medium  parameters  for  rooms  by  multi- 
pxirpose  devices,  having  the  sound  absorbing  and  aero- ionizing  properties, 

MAIN  BODY 

The  numerous  observations  of  the  aero-ionic  conditions  in  the  rooms 
show  that  v/ith  time  in  the  air  medium  the  reduction  of  the  concentration 
of  light  aeroions  and  the  Increase  of  the  concentration  of  heavy  aeroions 
occur.  The  bringing  of  the  aeroionic  conditions  to  the  optimal  ones  by 
ventilation  of  the  rooms  is  not  always  possible  and  gives  good  resu]#s. 
Therefore,  in  order  to  achieve  the  set  task,  alongside  with  the  revealing 
of  the  optimum  architectural-construction  parameters  and  the  room  physi¬ 
cal  parameters,  influencing  on  the  internal  medium  formation  the  artifi¬ 
cial  air  ionization  was  studied. 

The  aero-lonlzing  devices  can  be  mounted  into  the  constructions  of  the 
hanging  celling.  Such  construction  must  combine  the  following  importcuat 
qualities :bloreslstance,  fire  resistance,  decoratlvlty,  easy  moimting 
and  the  possibility  to  cover  the  technical  commEinlcatlons  with  an  easy 
access. 

The  recommended  by  us  construction  of  "the  Hanging  ceiling",  desig¬ 
ned  for  the  complex  optimization  of  aero-ionic  and  acoustic  conditions 
in  the  rooms  of  various  p\irpooe,  includes  the  hanging  ceiling  and  control 
unit  by  which  the  electric  potential  to  the  hanging  ceiling  is  supplied. 
The  hanging  ceiling  is  designed  as  a  construction,  including  the  frame 
and  the  perforated  dielectric  plates.  In  the  holes  of  the  plates  with  a 
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certain  pitch  the  tapered  metal  elemente-needlee,  connected  with  each 
othert  Eire  located.  Such  plates,  as  it  is  known,  absorb  sound  in  various 
frequency  hands  depending  on  the  applied  material  and  In  our  case  they 
create  the  concentration, of  light  aerolons  at.^the  breathing  level  /l.O- 
1.5  a/  of  order  3-5  .lO-*  of  aerlons  per  1  cm-^  /Pig.l  /. 

The  voltage  of  30-40  KV  from  the  control  unit  is  supplied  to  the 
netol  Interconnected  needles.  In  this  the  autoelectron  emission  takes 
place,  which  leads  to  the  formation  of  light  aerolons. 

Simultaneously  with  the  concentration  of  light  aerolons  the  decrease 
of  the  heavy  asrolon  concentration  occurs  due  to  their  deposition  under 
the  action  of  the  electric  field  on  thee  floor  surface. 

In  order  to  create  the  necessary  micriclimate  in  the  room  we  have  al¬ 
so,  developed  "A  sound  absorbing  device"  for  the  hanging  ceiling,  inclu¬ 
ding  a  metal  frame  In  the  form  of  a  grate  with  a  face  thickness  of  3-5nva, 
installed  with  the  clearance  on  the  enclosing  construction,  provided 
with  a  film,  located  between  the  frame  and  the  enclosing  construction. 

The  faces  of  the  grate,  turned  inside  the  room,  are  tapered  to  naught. 
During  the  voltage  of  30-40  kV  supply  from  the  control  unit  to  the  grate 
the  autoelectron  emission  occvirs,  leading  to  the  formation  of  light  aero- 
rions  depends  on  the  supplied  voltage  value  and  the  sharpening  extent  of 
the  elements.  In  order  to  create  the  necessary  potential  gradient  the 
ratio  of  the  sharpened  part  to  the  non-sharpened  one  must  be  within  1:2 
-1*4  range  at  the  ratio  of  the  edge  thickness  to  its  height  It  10  -  1t5. 
The  sound  absorption  coefficient  of  the  construction  under  study  is  de¬ 
termined  from  the  boimdeoTr  conditions  on  the  grate  for  the  total  field 
of  the  incident  and  reflected  waves,  as  well  as  for  the  field,  excited 
in  the  intervals  between  the  edges,  where  the  film,  v/hich  v.'orks  as  a  me¬ 
mbrane;  is  located. 

we  have  measured  the  sound  absorption  coefficients  of  various  versions 
of  proposed  constructions  in  a  small-size  reverberation  chamber  on  the 
samples,  the  area  of  which  did  not  exceed  1.5  m'and  in  a  large  reverbe¬ 
ration  chamber.  The  results  of  the  measurement  are  presented  in  the 
table. 

Another  version  of  similar  constructions  can  be  an  acoustical  multi¬ 
cavity  panel  vd.th  a  slit  perforation.  The  acoustical  factors  of  such 
panel,  also,  have  been  determined  in  the  reverberation  chambers. 

The  geometric  parameters  of  the  panel  vd.th  the  slit  perforation,  in 
v/hlch  the  needles  for  the  air  aeroionozatlon  can  be  located,  are  given 
in  Pig. 2  .  Consldeid.ng  the  geometry  of  the  panel  one  can  see  that  it  can 
attributed  to  a  physical  model  of  the  related  resonance  systems  of  Helm¬ 
holtz  resonator  type. 

The  results  of  the  measurements  have  shoivn  that  the  absorbing  proper¬ 
ties  of  the  peinel  v.dth  the  links  are  30-80>5  improved  in  comparison  with 
the  smooth  reinforced  concrete  plate  and  20-60^5  improved  in  comparison 
with  the  perforated  plate. 

The  studies,  performed  in  the  small-size  reverberation  chamber,  have 
shown: 

-  the  complex  sound  absorbing  ceiling  from  "Alcmigran"  plates,  perfora¬ 
ted  for  the  aeroion  radiators,  has  a  broader  sound  absorption  spectrum 
in  comparison  v/lth  the  non-perf orated  "Akraigran"  plate  /otcO.S  -  at  25OH7,/ 

-  the  complex  construction  from  the  sheets  of  gypsvua  plaster  board, 
perforated  for  the  aeroion  radiators,  is  a  pronounced  resonance  construo- 
tion  v/ith  maximum  sound  absorption  coefficient  at  250  Hz  frequency; 

-  the  optimum  height  from  the  breathing  area  of  a  maji  to  the  aeroion 
radiation  source  must  not  exceed  -  2.5  ra,  and  the  total  height  of  the 
room  from  the  floor  to  the  hanging  ceiling  must  not  exceed  4  m. 

Taking  into  account  good  sound  absorbing  properties  and  multifunc¬ 
tionality  of  the  ceilings  with  aeroioxdzatlon  of  air,  these  constructi¬ 
ons  can  be  recommended  for  noise  reduction  in  public  btiildlngs. 
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Table 


Frequency  cbaracterlatlcs  of  sound  absorption 
coefficients  of  proposed  constructions  for 
multifunctional  purpose 


No  Material  or  Measurement  condl-  Sound  absorption  coefficients 

construction  tions  freouencles.  H* 

8ap.li®  125  250  500  1  t  2t 

1  Plates  "Alonlgran** 
per.  10/80 

50 

0.51 

0,9  0.88  0.77 

0,74 

0.68 

^She  same,  without 
.perfor. 

50 

0,19 

0,73  0.76  0.76 

0.77 

0.77 

3  Ifetal  grate,  25 

'filled  by  felt 

0,04 

0.16  0.4  0.71 

0,43 

0.38 

Grate  without 

filler 

25 

0.02 

0.06  0.12  0.2 

0.24 

0.29 

5  Basalt  mats  with 
a  glass  mesh  shell 

0.8 

0.26  0.2  0.24 

0.27 

0,21 

6.  GPB(Gypsum  plaster  50 
board  )1 0/60-perfora¬ 
tion  parameters 

0,23 

0.83  0.18  0.1 

0.06 

• 

7,  Panel  with  slit  perfo¬ 
ration  (without  slit  fil¬ 
ling  by  SAM) 

0.09 

0.25  0.2  0.12 

0.19 

0.1 

B.  The  same,  with  slit  fil¬ 
ling  by  SAM(mlneral  cotton 
^'=  50  kg/m^) 

0.28 

0.13  0.32  0.29 

0.55 

0.48 

9  The  same,  with  the  application 
of  sound  absorbing  links  from 

FG  plates  in  the  shell  500x500iiim 
with  50mm  thickness 

0.3 

0.5  0.55  0.52 

0.7 

0.65 
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ABSTRACT 

InFrasound  eFFect  on  bioloqical  systees  is  inyestigated  by  us  uithin  three  earn 
positions. 

INTRODUCTION 

First,  He  have  studied  the  developeent  oF  the  interaction  process  betueen 
inFrasound  and  huean  body  uithin  the  tiee.  Paraaeters  oF  the  Functionality  oF  the 
nervous  and  cardiovascular  huaan  and  aniaal  systeas  are  studied  according  to  ordinary 
techniques.  The  investigation  covered  heaodynaaics,  heaocoagul ation ,  oxygen 
transportation,  histology  and  hi stocheai stry  oF  ayocardiua,  vessels,  adipose  cells 
changes,  aanagerial  Function  oF  the  vegetative  centers  oF  the  nervous  systea,  and 
psychophysi ol ogi cal  Functions  oF  the  san-operator .  Traditional  techniques  are  used.  in 
this  paper  all  techniques  are  used  not  to  investigate  huaan  and  aniaals  Functions,  but 
only  to  aark  the  direction  oF  explored  systeas  reaction  to  inFrasound  eFFect. 

Secondly,  the  investigation  was  carried  out  uithin  positions  oF  physical 
acoustics. Ne  caae  Froa  the  Follouing  assuaptions.  Hajority  oF  all  interactions  betueen 
inFrasound  and  nan  takes  place  in  oFFicial  and  doaestic  apartaents.  Houever,  the 
diaensions  oF  these  apartaents  are  coaparable  uith  a  uavelength  (at  least,  up  to  100 
Hz).  A  nan  uho  is  either  by  Force  oF  oFFicial  duties,  or  doaestic  habits  in  one  or 
another  part  oF  the  rooa,  uill  interact  uith  diFFerent  energetic  coeponents  oF  the 
acoustic  Field.  In  this  connection  various  biological  response  at  inFrasound  eFFect  can 
be  expected  [13. 

Thirdly,  ue  have  cone  Froa  the  physiology  oF  sensorysysteas  uith  rich  actual 
naterial,  uhich  allous  to  Bake  a  conclusion  that  ear  added  aechanisa  oF  interaction 
betueen  nan  and  inFrasound  should  exist. 

EXPERIHENTAL  RESULTS 

It  is  stated  by  an  experiaent  that  aan  and  aniaals  reaction  on  inFrasound  uithin 
the  First  seconds  begins  Froa  activization  ob  the  vegetative  nervous  systea,  starting  up 
the  huaoral  channel  oF  the  huaan  body  Function  regulation  uithin  several  ainutes  Froa 
beginning  oF  interaction.  At  the  saae  tiae  changes  oF  the  Functional  activity  oF  the 
subcortical  structures  and  huaan  efficiency  level  arise. 

By  the  end  oF  4-6  hours  Froa  tha  beginning  oF  the  eFFect  the  reversible  changes  oF 
heaocoagulation  and  activity  oF  respiratory  ayocardial  Feraents  are  being  developed.  The 
next  phase  is  the  phase  oF  latent  aodiFications  uhich  changes  by  18-20  day  oF  the  eFFect 
uith  preventive  Force  consuaption  oF  the  huaan  body  and  arising  of  the  aorphological 
aodiFications  in  the  cardiovascular  systea. 
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The  Hhole  chain  of  the  reioonie  reactions  develops  ehen  the  object  is  in  that  part 
of  the  laboratory  ehere  the  vectors  of  active  and  reactive  intensity  are  collinear  (zone 
0).  It  is  found  that  starting-up  point  of  the  devclopoent  of  the  response  reaction  chain 
is  the  direct  effect  of  acoustic  uave  and  vascular  systea  in  D-zone  ehich  is  cleared  out 
by  us  121. 

All  reactions  investigated  by  us  begin  and  go  out  in  the  deterained  tiae  intervals 
called  by  us  the  phases  of  the  huaan  body  reaction  on  the  infrasound  (SI. 

The  person  and  aniaal  reaction  on  the  infrasound  action  begins  froe  the  reaction  of 
the  nervous  systea.  In  the  first  ainuta  the  regulating  activity  of  the  syapathetic 
section  of  the  vegetative  nervous  systea  is  strengthened  and  the  tension  index  of  other 
structures  of  the  central  nervous  systea  is  increased. 

Then  to  the  taentieth  ainute  of  influence  the  activitv  of  the  subcortical 
structures  of  the  brain  becoaes  aorse  and  the  level  of  the  person  capacity  for  aorli  is 
reduced.  At  that  tiae  the  indications  of  saitching  on  of  aore  plastic  and  longer 
functioning  huaoral  channel  of  the  person  function  regulation  are  appeared. 

On  the  first  day  at  the  and  of  the  fourth  -  sixth  hour  of  everyday  six  hour 
influence  of  infrasound  of  the  level  100  dl  on  frequency  of  10  Hz  the  expressed  reaction 
of  increasing  the  coagulation  activity  of  blood  is  developed.  At  that  tiae  the  decrease 
of  oxygen  consuaption  froa  blood  is  registered,  oxygen  content  is  increased  in  venous 
blood  aithout  changing  its  percent  level  in  arterial  blood. 

On  the  third  day  of  influence  the  increased  activity  of  soae  feraents  of  heart 
auscle  respiratory  cycle  and  activity  oppression  of  other  are  clearly  registered. 

To  the  sixth  day  of  influence  the  coagulation  activity  of  blood  is  reduced  to  the 
deyelopaent  of  hypocoagulation. 

To  the  taelfth  day  of  influence  the  oxygen  content  in  arterial  and  venous  blood  is 
noraal ized. The  state  of  coagulation  activity  of  blood,  the  activity  of  respiratory 
feraents  of  the  ayocardial  don't  differ  froa  the  initial  data.  The  histological  changes 
of  the  auscular  cells  of  the  heart  in  the  first  day  have  a  reversible  character. 

To  the  tuenty  fourth  day  of  influence  the  hypercoagulation  of  blood  is  appearing 
again,  the  activity  of  respiratory  feraents  of  the  ayocardial  is  diainished  alaost  on  SO 
X,  The  destructive  changes  of  the  ayocardial  are  appeared. 

Particularly  aust  be  said  about  the  reaction  of  the  cells  containing  substance  - 
orotector  geparin.  At  first  labrozit  content  is  changed,  then  their  content  per  unit  of 
area  is  gradually  decreased  aaxiaal  reducing  to  the  tuenty  fourth  day  of  influence. 

DISCUSSION 

All  changes  have  a  phase  character.  Under  the  phase  of  developaent  ue  understand 
United  spaces  of  developaent  of  huaan  body  -  reaction  on  infrasound.  So  the  priaary 
reaction  of  the  nervous  systea  is  going  out,  the  nervous  centers  get  over  a  neu  level  of 
functionality  directing  the  huaoral  reaction  to  the  infrasound  action.  At  first  this 
reaction  has  a  tine  -  serving  character,  the  trustuorthy  changes  froa  the  12th  to  the 
18th  day  of  influence  are  not  found,  at  least,  by  out  aethods.  And  only  after  the  18th 
day  of  influence  the  reserve  oossibilities  of  huaan  body  are  groun  ueak  and  visible 
changes  in  organs  and  systeas  can  be  seen.  The  second  laportant  aoaent,  in  our  opinion, 
IS  the  revealing  of  the  ear  added  nechanisa  of  the  infrasound  interaction  and  it  is 
appeared  that  the  infrasound  can  act  directly  on  the  uall  of  the  blood  vessel  aodel.  The 
analogous  changes  are  registered  froa  the  vascular  basin  of  persons  and  aniaals.  The 
reaction  is  developed  instantly  uith  the  appearance  of  forced  acoustic  interaction  and 
disappears  uith  the  turning  of  the  acoustic  generator  uithout  decreaent.  The  revealed 
direct  action  of  the  infrasound  on  the  vessels  explains  the  instant  developaent  of  the 
reciprocal  reaction  of  the  nervous  systea  uhen  the  infrasound  is  actinggand  the 
developaent  of  all  above  stated  functional  and  aorphological  changes  in  it. 

In  addition,  the  revealing  of  direct  nechanisa  of  the  interaction  of  the  blood 
vessel  systea  and  infrasounC  explains  the  fact  that  practically  in  all  publications 
describing  the  aorphological  changes  those  or  other  changes  in  the  vessels  of  the 
investigated  organ  or  ischaeaic  changes  in  it  are  pointed  out. 

All  above  stated  biological  changes  are  developed  not  in  all  places  of  laboratory 
rooa  but  only  in  places  where  vectors  of  active  and  reactive  intensity  are  collinear. 
Hhere  the  active  sound  intensity  vector  vortex  is  not  equal  to  zero,  the  changes  do  not 
appear  at  all  or  has  a  character  of  the  reactions  developing  in  the  conditions  of 
coefort.  And  this  is  in  spite  of  the  saee  level  of  sound  pressure. 

The  results  clearly  point  out  on  the  phase  character  of  person  and  aniaals 
reaction,  on  the  interaction  with  the  infrasound.  The  basic  phase  of  this  interaction 
are: 


infrasound  and 


1. Thd  functional  ohast 

a)  a  oriaary  rvaction  of  the  nervous  systee  on  interaction  betueen 
yascular  systee, 

bl  a  neurohuaoral  reaction, 

c)  a  functional  organs  and  tissue  reaction  on  infrasound  effect. 

2.  The  phase  of  the  functional  systeas  tension  follOHCd  by  the  organs  and  systeas 
transfer  on  a  nea  leyel  of  functioning  in  order  to  suppo't  a  hoaoeothase. 

3.  Functional  systee  consuaption  phase. 

4.  Phase  of  the  expressed  aorphof unctional  eodi f ications  developaent. 

CONCLUSION 

The  oossibility  of  the  developaent  of  this  phase  of  aan  and  aniaal  reaction  on 
interaction  aith  infrasound  depends  on  the  place  of  their  position  in  the  space  of  the 
official  apartaent.  More  exactly,  it  depends  on  their  interaction  aith  one  or  another 
coaponent  of  the  acoustic  field  energetic  structure  (zone  V  and  zone  S  according  to  our 
terainology) .  An  iaportant  conclusion  folloas  froa  this.  Under  the  equal  sound  pressure 
level  experiaents  carried  out  :n  V  zone  caused  developaent  of  reactions  siailar  aith 
those  ones  as  at  the  rest.  It  can  lead  into  error  the  investigators  and  cause  erroneous 
conclusions. 

Besides,  the  application  of  non-adequate,  not  sensitive  technioues  either  at 
"short-tera  test*,  or  ‘hits*  of  the  tiae  of  aaterial  collection  to  the  latent  phase  can 
cause  erroneous  conclusions  even  at  position  of  the  object  in  the  zone  D.  And,  a  level 
of  sound  pressure  which  influences  upon  reaction  developaent  rate  aav  be  so  low  that  a 
duration  of  each  phase  can  be  estiaated  as  an  absence  of  orocess  developaent  or 
adaptation  to  it.  In  reality,  the  reaction  develops  since  afferent  vascular  systee 
receptors  have  very  low  liait  of  the  sensibility. 

To  transfer  to  a  higher  liait  of  excitation  these  receptors  need  very  powerful 
irritant.  With  sound  pressure  level  of  130  dB  the  receptors  consuaption  appears  very 
quickly  and  the  reaction  aay  be  weakly  expressed  as  these  is  no  signal  of  neurohuaoral 
reaction  starting-up.  Nhereas  self-daaaging  of  vessel  walls  quite  protracted  process 
causing  protracted  hypocoagul ation  which  does  not  cause  any  guarded  reaction  of 
1 nvesti gator . 

So,  phase  developaent  of  aan  and  aniaals  reaction  on  infrasound  in  zone  B  aust  be 
taken  into  account  in  elaboration  of  the  hygienic  standards  on  infrasound. 

Ne  will  present  the  above-described  results  in  graphical  foras.  So,  fig.l  a) 
,b),c),  d)  show: 

1.  Nervous  systea  reaction. 

2. Hunoral  reaction. 

3.  Reaction  of  heaocoagulation. 

4. Oxygen  content  in  venous  blood. 

5.  Level  of  person  capacity  for  work. 

6.  Activity  of  respiratory  cycle  feraents- 

7. florphological  changes  of  ayocardial  and  cel  1 s-pr otect or s. 
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ABSTRACT 

In  this  paper  the  original  results  oE  the  ohscrvation  oE  lou-Erequency  atsospheric 
pressure  Eluctuations  are  presented.  The  results  have  been  obtained  straight  over  the 
PaciEic  Ocean  surEace  during  the  17-th  expedition  oE  the  ‘Acadeaician  Neseejanov*  ship. 
The  theoretical  expressions  Eor  the  degree  law  oE  the  aaplitude  spectrua  decrease  and 
its  connection  with  the  Hind  velocity  Here  Eound.  It  nas  carried  out  the  experiaental 
results  analysis  and  its  coaparison  Hith  the  proposed  theoretical  aodel  oE  turbulence. 
The  spikes  on  the  background  oE  Eluctuation  spectra  have  been  discovered. 

INTRODUCTION 

There  are  a  lot  oE  publications  concerning  the  ataospheric  Ion  Erequency  (less  then 
20  hz)  noise  and  aost  oE  thea  deal  nith  a  pressure  Eluctuation  above  a  ground  but  not 
upon  Hater,  because  oE  experiaental  diEEiculties  in  the  latter  case.  The  aeasureaents  oE 
a  pressure  Eluctuation  above  a  ocean  surEace  especially  at  Ear  distances  Eroa  a  coast 
are  very  interest.  The  data  oE  such  experiaent  are  analyzed  in  this  Hork.  The  ataosphere 
pressure  Eluctuations  have  been  obtained  above  ocean  surEace  during  oE  the  'Acadeaician 
Nesaejanov'  scientiEic  ship's  expedition  (October  1989  -  February  1990).  The  ship's  rou¬ 
te  lay  in  the  Hast  area  oE  the  PaciEic  Ocean  Eroa  Vladivostok  to  Nbh  Zealand. 

EXPERIHENTAL  PROCEDURE 

The  ataosphere  pressure  Eluctuations  Here  registered  by  high  sensitive  aicrophone 
carrier  systea  type  2631  *BliK'.  During  the  aeasureaents  the  aicrophone  oE  carrier  systea 
has  been  reaoved  at  2  a  Eroa  ship  board  and  3  a  Eroa  ocean  surEace  by  special  bracket. 
The  Erequency  oE  acoustic  signal  above  100  Hz  Has  cut  by  lon-pass-Eilter  01013  'Robot- 
ron*.  Then  the  signal  Has  aapliEied  by  intrinsic  aapIiEier  oE  the  indication  block  02022 
'Robotron*  and  one  nas  recorded  to  the  FH  channel  oE  gauging  tape  recorder  HAS-S4  *Tcle- 
Eunken*. 

Siaultaneously  nith  registration  oE  acoustic  signal  the  vibration  oE  ship  Eraae  has 
been  recorded  to  other  tape  recorder  channel.  It  Has  aade  to  except  the  'psevdoinEraso- 
und*  caused  by  the  ship's  vibrations.  At  the  saee  tine  the  coordinates  oE  the  ship,  its 
velocity  and  course,  the  direction  and  velocity  oE  Hind,  ataospheric  pressure  have  been 
Eixed  too.  Frequency  analysis  oE  recorded  analog  signals  Has  carried  out  Hith  the  help 
oE  FFT-analyzer  CF-300  UNO  SOKKl  in  the  range  0-20  Hz  by  acans  oE  linear  average  oE  S12 
instant  aaplitude  spectra.  The  duration  oE  signal  analysis  Has  about  seven  ainutes. 

The  typical  averaged  Erequency  spectrua  in  log-log  scale  is  presented  in  Fig.l.  Co¬ 
rresponding  record  uas  aade  9  February  1990  in  the  PaciEic  Ocean's  region  reaoved  aore 
then  1500  ka  Eroa  Neu  8uinea  coast  to  North-Nest.  The  analysis  oE  obtained  spectrua 
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shows  that  in  the  investiqated  frequency  hand  0,5-20  Ha  there  is  eonotone  decrease  ot 
aeplitude  spectra  ot  pressure  fluctuations  with  respect  to  frequency.  Linear  dependence 
in  range  0,8-20  Ha  is  good  observed  too.  It  testifies  of  the  degree  law  of  decrease  of 
aeplitude  spectrua  with  respect  to  frequency.  The  fall  of  spectrue  at  frequency  0,5  Ha 
and  below  is  caused  by  the  low  frequency  rolloff  of  gauging  channel.  It  is  necessary  to 
note  that  about  10-lSX  spectra  differ  considerably  froe  one  shown  in  Fig.i.  The  connec¬ 
tion  of  this  phenoaenon  is  not  revealed  yet. 


THEORETICAL  MOSEL 

Let  assuae  the  ataosphere  pressure  field  p(X,t)  to  be  described  by  the  expression 

p(X.t)  ^  ti) 

Mhere  is  the  air  density,  V  is  the  velocity  oi  the  air  41oh,  is  the  ^leld  of 

the  velocity  fluctuations.  Then  the  correlation  function  is 


The  brackets  aean  the  average  procedure.  Tl.=  /|V|.  Following  the  hypothesis  of  "fro- 
aen*  turbulence  Ill  we  can  write! 


<u.a,.t^;u.fx. 


t,J2=  dUWkD, 


S(lt)  r  1 

- rOeW- Wj  e»p  -tOlft  -t.J  +  tkfX  -X.J  (3) 

4iai^  ^  J 


It.i 


Here  (i)  =  21C/  is  circular  freouency,  k  is  wave  vector,  tensor  D  =  6 - *  ,  accounts 

I  J  *  J 

the  eediuft's  incoepressibi I i ty ,  i.e.  the  condition  dlv  U  =  0  is  satisfied.  The  quantity 
XCXj  is  spectral  density  of  the  turbulence  fluctuations  energy  noreed  by  condition: 


dO 

<u  (x.t)>  =  dLk  SrJtJ  (4) 

0 


For  the  calculations  it  is  convenient  to  use  spherical  fraae  with  Z-axis  along  of  the 
vector  V  =  Vn.  Taking  account  of  the  properties  of  the  O-function  we  have: 


<pfl.tj  IpfX.tj 


=JdU0 


-tUftj-tj 


p^v 

^0 


(5) 


0)/v 


In  the  inertial  interval  of  turbulence  there  is  the  condition  Jf  *  «  «  m  I  where  M 

and  mare  external  and  internal  scale  of  turbulence  correspondingly,  the  quantity  Elk)  = 

K  Here  E  and  p  are  constants,  E  defines  the  average  dissipation  of  en¬ 

ergy  per  tiee  unit  and  per  eass  unit  of  the  aediue. 

Then  we  obtain: 
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Here  the  coefficient  is  — ‘  ®*of***>oh  i"  spuere  breckets  is  |pfUj| , 

Mhere  |pr  i  the  aaolitude  spectru*  of  pressure  fluctuations.  It  yields 
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It  was  these  fluctuations  that  were  aeasured  in  the  esperieents  and  their  aaplitude  spe¬ 
ctrum:  Kas  determined  as  the  result  cf  analysis  of  data  tape  records.  For  coaparison  of 
the  experiaental  results  and  theoretical  eodel  ue  represent  Eq.(7)  in  log-log  scale: 


L(/)  =  Ji  *  B  Igr  -  C  Igf  (8) 


1/2  P-tf  P  _ 

Here  A  =  20lg  C,,  [c - :  B  =  SO  — 5 —  i  C  =  SO  —5-  =  SOtlf  p  =  S'  W  ^  Pa  is  base  1  eve! 

^  (21L)^P^  ^  ^0 

of  sound  pressure,  L(f)  is  the  level  of  aaplitude  spectrua  coaponent  in  dB.  For  Kolaogo- 
rov's  isotropic  turbulence  ^  a  5/3  ill.  Therefore,  the  dependencies  Z,  ~  S6.6  IgV  at  the 
fined  frequency  and  X  ~  16.7  Igf  at  the  constant  tiind  velocity  »ill  to  confira  the  Kol- 
aogorov-Qbuchov  theory. 

EXPERIHENTAL  RESULTS 

To  our  opinion  the  part  of  the  aay  froa  the  Neu  Hebrides  to  Japan  is  of  the  aost 
interest  (02  February  to  17  February  1990),  Hhere  the  ship  sailed  to  North<-Hest  aith  the 
approxiaately  constant  velocity  of  12-13  knots.  Total  path  of  the  aay  in  the  aest  area 
of  the  Pacific  ocean  aas  sore  than  9000  ka  and  it  took  16  days.  The  aost  distance  froa 
coasts  aas  ISOO  ka.  On  the  ahole  the  aay  the  fluctuations  spectra  aere  siailar  to  the 
one  shoan  in  Fig.l.  In  Fig. 2.  one  shoan  the  dynaaics  of  the  spectra  in  this  tiae  period 
in  linear  frequency  scale.  In  different  days  the  averaged  spectra  aere  processed  by  the 
least  squares  aethod  on  PC. 

It  is  interesting  to  consider  the  connection  of  ataospheric  pressure  fluctuations 
and  the  infrasound  aith  the  oceanic  and  ataospheric  paraaeters  to  exaaine  the  suggested 
theoretical  aodel.  The  dependence  of  the  typical  paraaeters  of  the  fluctuations  spectra 
froa  the  aind  velocity  is  of  the  aost  iaportant.  In  Fig. 3.  the  dependence  J  is 

ahere  is  the  aodule  of  the  vector  sun  of  the  wind  and  the  ship's  velocities.  The 

line  in  Fig. 3.  is  described  by  foraula: 


Tl  =  1.01  -  7. 94-10  ^'Y  (9) 

eft 

i.e.  there  is  a  aeak  trend  to  decrease  n  aith  respect  to  the  effective  aind  velocity.  In 
this  period  the  average  value  of  n  =  0.9S  -f  0.03  that  correlate  good  aith  the  theoreti¬ 
cal  value  of  n  =  5/6  =  0.33.  The  siailar  situation  exists  for  dependence  off!  froa  a  ro¬ 
ughness  of  the  ocean's  surface.  Though  in  this  case  one  has  to  account  the  connection 
betaeen  the  aind  velocity  and  the  ocean's  roughness. 

It  results  froa  Eq. (B)  that  an  aaplitude  of  spectral  coaponents  is  a  linear  functi¬ 
on  of  l^.  The  integral  sound  level  in  a  fixed  frequency  range  is  proportional  to 

1^.  The  dependence  >n  range  0-20  Hz  of  is  shoan  in  Fig.  4.  (points  on  the 

chart).  There  is  an  increasing  of  the  pressure  fluctuations  level  though  the  experiaen- 
tal  value  of  the  coefficient  J  turns  out  saaller  than  the  theoretical  one. 

DISCUSSION  OF  THE  SPIKES  OF  SPECTRUM 

The  obtained  results  contain  often  spikes  on  the  background  of  alaost  aonotonous 

decreasing  of  the  fluctuation  spectrua.  Perhaps  it  is  infrasound.  For  exaaple  analysis 

of  the  fluctuation  record  on  the  aay  froa  the  Nea  Hebrides  to  Japan  reveals  spikes  in 
range  3.S-4.0  Hz.  The  exceeding  of  these  spectral  coaponents  over  background  is  4-10  dl. 

The  notable  spike  at  frequency  3.9  Hz  and  the  exceeding  above  the  background  of  7  dl  is 
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shoHD  in  Fig.l. 

Tht  Itvil  of  inFrtiound  in  thi«  tia*  pariod  aaa  fluctuitad  Froa  50  to  100  dl,  i.t. 
tha  valua  of  tha  lound  praiiura  of  infrasound  uava  aat  approaiaataly  p  •  IPa.  Infrasound 
lavals  roach  aaiiiaa  in  tha  pariod  of  Fabruary  7-tl.  It  iS  nacossary  to  nota  that  tha  ob- 
sarvad  invariability  of  tha  spikas  fraquancy  and  tha  ralativa  narrounass  of  thair  spac- 
tra  ara  siailar  to  paculiarity  of  ‘aarina  voica*  121.  This  allous  to  aaka  a  supposition 
about  thair  siailar  origin.  Naturally  it  appaars  tha  quastion  about  origin  of  this  in¬ 
frasound.  Unf ortunataly  our  data  do  not  atlou  to  giva  corract  ansuor. 

Tha  dapandanca  of  an  infrasound  laval  on  uind  valocity  at  fraquancy  3.S-4.0  Hz  is 
shoun  in  Fig. 4.  (circlas  on  tha  chart).  Ona  can  to  saa  tha  uaak  trand  to  its  incraasing 
at  graat  uind  valocitias.  In  spita  of  tha  considarad  data  do  not  allou  to  aaka  corract 
conclusion  about  tha  ocaanic  infrasound's  origin,  ua  nay  supposa  tha  ona  dascribad  in 
121. 

CONCLUSION 

During  tha  thraa  aonths  of  tha  axpadition  tha  ship  sailad  aora  than  30,000  ka  in 
tha  Pacific  Ocaan.  It  gava  axcaptional  obsarvations  of  tha  ataospharic  turbulanca  and 
tha  infrasound  at  larga  distancas  in  tha  uida  band  of  infrasonic  fraquancias  (aora  than 
fiva  octavas).  Tha  axpariaantal  invaatigations  uara  carriad  out  in  tha  fraquancy  band  of 
O.S-20  Hz. 

Tha  spactra  of  tha  ataospharic  prassura  fluctuations  uara  shoun  to  dacraasa  propor¬ 
tionally  to  (i)  ".  Tha  indax  n  nas  datarainad.  Its  dapandanca  on  tha  uind  valocity  uas  as- 
tablishad.  Also  tha  spikas  on  tha  background  of  tha  fluctuations  spactra  uara  discova- 
rad.  Thay  ara  axpactad  to  ba  connactad  uith  tha  infrasonic  uavas.  It  uas  offarad  a  thao- 
ratical  aodal  of  a  dascription  of  prassura  fluctuations  ahd  its  coaparison  uith  tha  ax¬ 
pariaantal  rasults. 
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1-  ABSTRACT 

In  this  work  the  response  of  some  commercial  PZT  Acoustic  Emission  (AE) 
transducers  is  examined  under  a  set  of  controlled  conditions  in  order  to 
Isolate  the  resulting  effects  of  surface  excitation  (controlled  by  wave 
propagation  conditions)  and  characteristics  of  the  sensor  Itself  (l.e. 
resonances).  The  behaviour  of  the  two  commercial  transducers  is  compared  with 
an  experimental  transducer  based  on  PVdF  film. 

2.  INTRODUCTION 

The  increasing  interest  in  improving  the  productivity  of  manufacturing 
processes  has  naturally  emphasised  the  role  of  automation  of  these  processes. 
The  successful  automation  of  manufacturing  operations  requires  continuous 
knowledge  of  the  state  of  the  operation.  The  control  of  manufacturing 
processes  also  requires  on-line  information  on  the  behaviour  of  the 
manufacturing  systems.  In  this  light.  Acoustic  Emission  (l.e.  stress  wave 
emissions  from  materials  undergoing  deformation,  fracture,  or  other  internal 
mechanisms  releasing  energy)  has  great  potential  as  a  technique  to  monitor 
such  processes.  It  has  therefore  become  very  Important  to  Investigate  the 
factors  that  influence  the  responses  of  commercial  AE  sensors  and  to  compare 
these  responses  with  those  obtained  by  some  non-commercial,  high  fidelity  AE 
transducers. 

3.  REVIEW  ON  sac  TYPES  OF  AE  TRANSDUCERS 

In  this  work,  two  different  types  of  AE  sensor  are  compared.  AE  can  be 
measured  using  piezoactive,  capacitive,  electromagnetic  methods.  The 
following  brief  review  describes  the  two  types  relevant  to  this  work  and  also 
an  optical  sensor  against  which  the  PVdF  sensor  has  already  been  compared  II]. 

1)  CooBercial  Piezoelectric  AE  sensors 

The  majority  of  the  commercial  AE  sensors  belong  In  this  category.  The 
piezoelectric  active  element  Is  lead-zlrconate-tltanate  (PZT)  and  these 
sensors  may  be  "broadband’  or  "resonant"  devices.  The  large  aperture  (phase 
interference  effects  due  to  large  contact  surface)  of  the  commercially 
available  devices  (shoe  sizes  are  typically  of  the  order  10  to  20  mm)  restrict 
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the  response  to  the  different  wsve  nodes.  The  directionality  depends  on 
crystal  geonetry  and  polarization.  Nornally  conmercial  sensors  are 
onnl-dlrectlonal. 

II)  The  PVdF  dlsplaceaent  transducer 

The  seal-crystalline  polyaer  polyvlnylldene  fluoride  (PVdF)  processes 
piezoelectric  properties.  It  Is  flexible  and  conpliant  and  has  excellent 
bandwidth  and  sensitivity.  PVdF  has  been  successfully  used  In  a 
straln-gauge-ll)ce  application  as  an  A£  transducer  for  monitoring  conposltes 
[21.  Scott  and  Carlyle  (31  Indicate  that  PVdF  transducers  suffer  much  less 
froB  ringing  than  coaaerclal  broadband  devices  and  are  capable  of  a  flat 
frequency  response  over  a  wide  range.  Chang  and  Sun  (4)  have  developed  a  PVdF 
transducer  which,  depending  on  the  backing  geometry,  may  be  used  either  as  a 
displacement  or  a  velocity  transducer.  For  dlsplaceaent  measurements  a  brass 
backing  with  a  conical  extension  Is  pressed  against  the  PVdF  film  and  onto  the 
surface  being  monitored.  The  use  of  a  long  acrylic  rod  as  backing 
significantly  changes  the  response  to  being  more  like  that  of  a  velocity 
transducer. 

A  PVdF  displacement  transducer  with  brass  backing  has  been  used  to  monitor  a 
turning  operation  on  a  lathe  (Kerkyras  et  al  (51),  and  Its  frequency  response 
appeared  to  be  very  promising  for  power  spectrum  diagnosis  of  AE  signals, 
something  which  has  proven  very  difficult  using  coaaerclal  AE  devices.  The 
basic  conclusion  from  this  work  was  that  this  AE  sensor  showed  high  fidelity, 
node  separation  and  had  a  broadband  response  free  from  resonances.  These 
characteristics,  together  with  Its  low  cost  make  It  a  potentially  very  useful 
device. 

III)  The  Fibre  Optic  Interferoaeter 

Optical  trandsucers  for  AE  monitoring  are  attractive  because  of  the 
possibility  of  using  both  contacting  and  non-contacting  probes  and  because  of 
their  flat  frequency  response  over  a  very  large  bandwidth. 

It  has  been  shown  that  fibre  optic  techniques  can  be  used  to  realise  robust 
Interferometers  with  a  wide  range  of  applications  In  physical  sensing.  In 
particular,  fibres  have  been  used  effectively  as  displacement  and  velocity 
transducers  (61. 

The  transducers  studied  In  this  work  were  tested  using  a  range  of  propagation 
media  and  their  response  was  analysed  by  using  standard  signal  processing 
methods.  The  sensors  used  were  the  Dunegan  S9204  and  D9Z01A  and  the 
experimental  PVdF  displacement  transducer.  A  standard  AE  source,  the  Nielsen 
pencil  lead  break,  was  used  as  excitation.  Fig. 1  shows  a  block  diagram  of  the 
Instrumentation  used  In  the  experiments. 

The  three  propagation  media  that  were  evaluated  were: 

a)  A  large  cylindrical  steel  block  of  lielght  19  cm  and  diameter  18  cm,  well 
lapped  on  both  flat  surfaces. 

This  structure  was  used  as  a  propagation  medium  in  an  attempt  to 
eliminate  reflections  as  far  as  possible.  In  order  to  achieve  this  the 
highest  available  sampling  rate  (40  or  20  NHz)  was  used  to  acquire  AE 
data. 

b)  A  steel  plate  of  dimensions  54  x  28.2  x  0.65  cm. 

The  reason  this  structure  was  chosen  as  a  propagation  medium  was  the 
availability  of  analytical  solutions  which  can  provide  a  comparison 
between  measured  and  calculated  responses  (e.g.  Ceranoglu  and  Pao  (71). 

c)  A  long  steel  bar  of  rectangular  cross-section  having  dimensions 
177  X  7.5  X  1.3  cm. 
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This  structure  urns  proposed  by  Kericyrea  ot  el  It]  as  s  simple  propegstlon 
sedluo  In  order  to  Incresos  the  nusber  of  reflectloas  of  bulk  weves  at 
the  free  surfaces  and  in  this  way  to  nlnlnlae  their  Influence  on  the 
received  signal  by  placing  the  sensor  at  a  long  distance  fro*  the  source. 
In  this  way  it  was  expected  that  the  dosinant  wave  sods  captured  by  the 
sensors  would  be  surface  waves.  Fig. 2  shows  these  three  difference 
propagation  nedla  schasatlcally. 

S.  REaa-TS  AND  DISCUSSION 

In  all  experiments  a  40dB  gain  pre-ampllfler  was  used.  The  first  4096  data 
points  were  stored  In  the  computer  memory.  These  data  were  then  averaged  over 
at  least  8  pencil  lead  breaks  In  each  case.  The  data  were  normalised  and  an 
FFI  was  performed.  It  should  be  noted  that  similitudes  In  the  obtained  plots 
are  affected  by  gain  and  trigger  level  settings  which  were  chosen  to  give  the 
best  reliability  of  data  capture.  Furthermore  the  data  were  ranged  to  ensure 
naxlmum  resolution  within  the  window.  This  means  that  anplltudes  in  the 
frequency  domain  are  relative  only  but  the  visual  content  of  the  graphs  Is 
maximised. 

Figures  3  to  7  and  9  to  13  show  frequency  domain  responses  for  the  various 
propagation  media  for  the  D9201A  and  S9204  sensors  respectively.  Also. 
Figures  8  and  14  show  time  domain  responses  for  these  two  sensors  obtained  on 
the  steel  plate  propagation  medium.  Finally,  figures  IS  and  16  show, 
respectively,  time-  and  frequency-domain  responses  for  the  PVdF  based 
transducer  to  excitation  on  the  cylindrical  steel  block. 

By  comparing  Figures  9-13  with  Figures  3-7  It  can  bo  seen  that  the  D9201A 
sensor  la  sensitive  to  surface  waves  with  broad  frequency  responses  In  the 
range  of  0.  1  to  IMHz  whereas  the  S9204  sensor  Is  sensitive  In  the  frequency 
range  of  50  to  450  kHz.  Also,  both  sensors  showed  similar  sensitivity  both  in 
surface  and  compression  waves.  The  influence  of  the  three  different 
propagation  nedla  on  the  transducers'  response  Is  quite  obvious  In  the 
frequency  domain.  Furthermore,  eplcentral  excitations  changed  the  frequency 
responses  significantly. .  The  steel  block  gave  the  clearest  results,  the  data 
from  the  steel  plate  and  the  rectangular  bar  being  influenced  by  multiple 
reflections  as  Indicated  by  the  decaying  higher  frequencies. 

According  to  the  manufacturer,  both  transducers  should  respond  to  the  surface 
velocity.  However,  as  can  be  seen  from  Figures  8  and  14  the  time-responses  of 
these  commercial  AE  transducers  are  dominated  by  the  basic  resonances  of  the 
sensor  (ringing).  This  means  that  the  output  of  such  sensors  is  not  the 
averaged  velocity  of  the  area  on  which  they  have  been  placed  but  is  dominated 
by  the  characteristics  of  the  sensor.  Furthermore,  It  has  been  shown 
elsewhere  191  that  Integrated  time  domain  responses  (considering  the  sensors 
as  velocity  transducers)  did  not  give  the  type  of  trend  predicted  by  the  Ray 
Theory  of  Ceranoglu  et  al  (7). 

Concerning  the  selection  of  the  appropriate  propagation  medium  for  sensor 
calibration.  It  Is  obvious  that  this  will  depend  on  the  specific  requirements 
for  each  test.  The  massive  steel  block  gives  results  which  correspond  closely 
to  the  calibration  data  for  Rayleigh  waves  although  reflections  were  not 
totally  avoided  because  of  Its  Halted  size.  More  massive  structures  and 
higher  sampling  rates  give  a  good  solution  to  the  problem  but  the  expense  of 
such  structures  for  propagation  media  Is  quite  high.  The  st tel  plate  was 
chosen  as  a  possible  propagation  medium  because  of  the  availability  of  an 
analytical  solution  and  tecause  steel  plate  of  the  required  dimensions  is 
readily  obtained. 

Finally  the  long  rectangular  bar  showed  frequency  responses  which  could  be  due 
to  Rayleigh  excitation  merely  because  of  the  rapid  decay  of  bulk  waves  with 
distance  from  the  source,  a  factor  that  does  not  affect  Rayleigh  waves  as 
much. 

The  time-  and  frequency-domain  responses  of  the  PVdF  transducer  on  the 
cylindrical  block  are  shown  In  Figures  15  and  16.  The  time  domain  response  Is 
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typical  of  that  expactad  of  a  noraal  aurfaca  rasponaa  for  an  Inflnlta 
half-spaca  [7]  and  back-to-back  taata  with  an  Intarfaroaetrlc  aanaor  have 
ahotm  a  atrlklng  agreaaent  In  reaponaa  (1).  A  coaparlson  of  the  frequency 
domain  reaponaa  (Figure  16)  with  thoaa  obtained  under  alallar  condltlona  for 
the  two  coaaerclal  transducara  (Figures  3  and  9)  llluatratea  how  the 
Information  from  these  latter  two  aenaora  la  dominated  by  their  own  reaonance. 
This  la  eapeclally  Important  if  one  maana  to  analyse  the  frequency  content  of 
acoustic  emission  signals  and  suggests  that  either  a  careful  calibration 
against  a  flat  response  transducer  or  the  direct  use  of  such  a  transducer  Is 
required  for  such  applications. 

6.  CONCLUSIONS 

The  comparison  of  two  coaaerclal  transducers  with  one  experlaental  transducer 
baaed  on  brass-backed  PVdF  film  has  highlighted  the  effect  of  crystal 
resonances  on  the  response  of  the  former  type. 

The  use  of  a  variety  of  propagation  media  has  further  illustrated  that  wave 
propagation  effects  can  also  influence  the  frequency  contact  of  the  response 
to  a  white  noise  source. 
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ABSTRACT 

A  circumferential  transducer  has  been  devised  which  measured  the  dynamic  pressure  of  gas  or  fluid 
within  a  pipe.  The  transducer  consists  of  a  piezoelectric  wire  wrapped  circumferentialiy  around  the  pipe  wall. 
Such  an  arrangement  ensures  only  sensitivity  to  axi-symmetric  waves  as  waves  with  more  than  one 
circumferential  half  wave  length  will  not  be  detected.  The  transducer  is  therefore  only  sensitive  to  the 
predominantly  fluid- borne  wave  and  the  predominantly  compressional  wave  in  the  pipe  wall.  The  sensitivity 
to  these  two  wave  types  is  calculated  and  approximate  expressions  given.  The  applicability  of  the  method  is 
assessed  for  soft  and  hard  pipes  containing  water.  Some  measurements  are  presented  for  a  perspex  pipe  filled 
with  water. 

1.0  INTRODUCTION 

Fluid-filled  pipes  can  represent  a  significant  vibration  path,  in  both  the  fluid  and  pipe  wall,  from  a 
machine  to  the  supporting  structure.  To  assess  this  problem  a  non-intrusive  pressure  sensor  has  been  devised 
which  involves  an  integral  number  of  turns  of  a  piezoelectric  sensor  around  the  pipe  wall.  The  device  is 
therefore  only  sensitive  to  n  =  0  axisymmetric  waves  as  others  have  equal  positive  and  negative  radial  motions 
and  cancel. 

There  are  two  n  =  0  waves;  a  predominantly  fluid  based  wave  termed  s  =  1,  and  the  s  =  2  wave  which 
is  predominantly  longitudinal  motion  in  the  pipe  wall  [1].  The  s  =  1  wave  is  the  main  contributor  to  the 
pressure  and  radial  wall  motion,  and  their  relationship  gives  the  sensitivity  of  the  transducer.  Unfortunately 
the  s  =  2  wave  also  has  small  pressure  and  radial  motion  contributions  which  disturb  the  accuracy  of 
measurement  of  pressure.  The  sensitivity  of  the  radial  wall  motion  to  both  wave  types  is  calculated  here  and 
comparisons  made  on  a  perspex  pipe,  with  and  without  water. 

The  calculations  involved  approximate  values  for  the  wavenumbers  for  the  n  =  0;  s  =  1  and  s  =  2 

waves. 

2.0  THEORY 

2.1  The  equations  of  motion 

With  reference  to  Figure  I  the  shell  displacements  are  u  and  w  in  the  axial  and  radial  directions.  (^,  Oq 
refer  to  axial  and  circumferential  stress.  The  fluid  pressure  is  p  and  axial  displacement  Uf.  The  following 
equations  are  simplified  forms  of  Kennard's  equations  [2]. 


Equilibrium  of  forces  in  the  axial  direction  gives 


(1) 


do. 

P“  =  --5^ 

Equilibrium  of  forces  in  the  radial  direction  leads  to 
P  ^  =  Oe  +  paw 

The  Hooke's  Law  relationships  for  the  shell  are 


E  /du  w  > 


=-^ri 
‘  1  -  vU' 


E,  V  are  the  shell  material  Young's  modulus  and  Poisson's  ratio;  w/a,  du^x  represent  the  circumferential  and 
axial  strain.  Equations  (1)  and  (4)  may  be  combined  to  give 


E  ^d^u  V  3  w'l  „ 


and  Eqs.  (2)  and  (3)  yield 


E  /w  d  UN  . .  Pa 

TTw  (a^''  5iJ^P‘‘'«'  =  -h 


These  are  the  two  coupled  shell  equations  for  the  n  =  0  motion. 

If  travelling  wave  solutions  of  the  form 

u  =  Use‘(“‘-''s*>.w  =  Wse‘<“''‘s*) 
are  used,  Eqs.  (5)  and  (6)  become 

(n2  -  tts^)  Us  =  i  V  Os  Ws 

Ws(l  -n2)-ivksaUs  =  §(l  -v2) 


where  =  kja,  fl  =  kj^a,  k^  is  the  wave  number  of  a  compiessional  wave  in  a  plate  ki^  =  0)2 

The  pressure  within  the  fluid  p  can  be  described  by  a  Bessel  Function  of  order  zero.  For  each 
wavenumber  s  =  1, 2  there  is  a  travelling  wave  solution 

p  =  PsJo(k^  r)c‘<“'  '‘s*^  (9) 


where  the  radial  wavenumber  k^  is  related  to  the  fluid  wave  number  kf  by 


(*'s) 


The  pressure  wave  must  have  a  radial  displacement  w,  at  the  boundary  r  =  a  which  is  equal  to  the  shell 
displacement  Wj. 


Pf<ii2  *  ’  Jo'  (aj)  (otsO^ 


where  Pf  is  the  fluid  density. 
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Using  the  small  argument  identity  the  pressure  becomes 


where  otf  =  kja,  B  is  the  Bulk  Modulus  of  the  fluid. 

^nations  (7),  (8)  and  (12)  may  now  be  used  to  find  the  wave  numbers  s  =  1,  2  and  then  all  the 
sensitivities  or  cross-sensitivities. 

2.2  The  wave  numbers  s  =  1.  s  =  2 

Substitution  of  Eq.  ( 1 2)  into  (6)  gives  a  relationship  in  k^. 

It  is  known  that  one  value  of  kj,  s  =  1  is  always  less  than  kL  and  kf.  Thus  assuming  k*  »  kL^^  gq  (j3) 
becomes 


The  solution  for  the  wave  number  kj,  s  =  1  is 


k,2  =  k^ 


1  +  P  -  -  q2\ 

1-V2-Q2 


where  the  fluid  loading  term  P  is 


P  = 


2Ba 
E  h 


(I-v2) 


(14) 


(15) 


(16) 


The  fluid  wave  in  the  pipe  k]  is  therefore  always  slower  than  the  wave  in  an  infinite  medium  kf.  The  wave  s  = 
1  decreases  in  speed  with  decreasing  wall  stiffness  (increasing  p). 

The  approximate  solution  to  the  second  wave  number  kj,  s  =  2  is  obtained  with  the  knowledge  that  it  is 
always  smaller  than  the  fluid  wave  number  kf.  This  means  that  the  wave  length  in  the  pipe  shell  is  greater  than 
in  the  fluid.  The  fluid  is  experienced  as  a  stiffness  (controlled  by  the  fluid  bulk  modulus)  by  the  shell  wall. 
Equation  (12),  on  setting  kj  «  kf  is 


1  -f22  +  p  =  -v2 


k2 

_ !is _ 

kt^  -  ks2 


which  on  rearranging  becomes 


k22  =  kL2 


1  -  n2  p  V 

1  -t-  p  -  Q2  .  v2j 


If  there  is  no  contained  fluid  P  =  0 


k,2  =  k,2 


1  -  Q2  > 

-  n2  -  v2 


(17) 


(18) 


(19) 
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At  low  frequencies  Q  «  1  and  =  o)  "V  e  ,  i.e.  the  cylinder  behaves  as  a  rod.  Setting  09  =  0  in  Eq. 
(3)  (on  account  of  the  empty  pipe)  indicates  tnafthe  radial  motion  is  just  controlled  by  the  Poisson's  ratio,  as 
for  a  rod. 

As  the  frequency  increases  such  that  the  radial  wall  motion  is  constrained  by  inertia  effects  and 

the  wave  number  kj  becomes  slightly  lower,  i.e.  that  of  a  plate  k[^. 


k2  =  kL  =  to' 


jpd  -  v^) 


The  effect  of  the  contained  fluid,  as  described  by  p,  is  to  restrict  radial  wall  motion,  causing  axial  wave 
number  k2  to  tend  to  that  of  the  plate.  This  implies  that  these  waves  should  not  have  large  radial  motions, 
making  them  reladvely  insensitive  to  a  radial  motion  transducer. 


The  relationship  between  fluid  pressure  and  radial  wall  motion  for  both  wave  types  s  =  1 , 2  is  available 
by  substitution  in  turn  of  Eqs.  (IS)  and  (18)  into  (12). 

is-)  »» 


W2  =  -^  s  =  2  (23) 

The  negative  sign  for  W2  indicates  that  for  this  wave  most  energy  is  within  the  shell.  The  shell  motion  drives 
the  fluid,  hence  an  increasing  shell  radius  w  causes  a  rarefaction  in  the  fluid.  Note  that  the  fluid  pressure  is 
only  controlled  by  the  Bulk  Modulus,  i.e.  the  fluid  acts  as  a  spring  for  s  =  2.  Equations  (22)  and  (23)  lead  to 
the  general  relationship 


W2  Pifl-vZ-nZI  1  ^P2^ 

w, --p,  L  p 


The  radial  and  axial  displacements  are  related  by  Eq.  (7),  substitution  of  the  two  wave  numbers  kj  and 
k2  yields 


because  k^^  « 


-  i  W2  (1  +  P  -  QZ) 


Division  of  these  two  expressions  leads  to  the  general  relationship 


^  _  W2  n  +  p  -  1^  _ 

Ui  W,  [  y2 


The  axial  stress  given  from  Eqs.  (4)  and  (7)  can  be  written 


a  LkL2-k,2j  l  .v2 
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2-4  The  radial  wall  nwrion  for  shell  axial  exdiaiion 


If  at  a  boundary  x  =  0  there  is  a  free  surface,  but  an  imposed  axial  wall  stress,  the  two  pressures 

Pj  +  P2  =  0. 


Therefore  the  ratio  of  the  two  wall  motions  becomes  from  Eq.  (24) 


W2/W,  =  l/y  .  (29) 

For  a  steel  pipe  a/h  =  10,  with  water  inside  y  »  0.2  and  the  radial  motion  is  dominated  by  the  shell 
wave  giving  W2/W |  =  5.  The  radial  sensor  would  be  inaccurate  using  Eq.  (22);  in  fact  Eq.  (23)  would  be 
appropriate  if  there  was  no  fluid  excitation. 

For  a  rubber  pipe  of  the  same  a/h  ratio  y  »  20  and  W2/W  j  =  0.05.  The  radial  wall  sensw  would  give 
accurate  pressure  measurements  from  (22). 

2.5  The  radial  wall  motion  for  fluid  excitation 

If  at  a  boundary  x  =  0  the  axial  stress  was  zero,  but  a  pressure  was  imposed  on  the  fluid,  the  sum  of 
the  axial  stresses  +  02,  =  0,  there  from  Eq.  (28) 

W2/W,  =  -^X  (30) 

Fot  this  case  for  hard  or  soft  shells  the  radial  stress  W2  associated  with  the  shell  wave  is  negligible  and 
so  Eq.  (22)  can  be  used  to  measure  the  pressure. 

3.0  EXPERIMENTAL  WORK 

Some  experimental  work  was  carried  out  on  a  vertical  perspex  pipe  shown  in  Figure  2.  The  pipe  was 
1 .9  m  tall,  with  a  69  mm  internal  radius  and  6  mm  wall  thickness.  The  fluid  inside  the  pipe  was  excited  using 
a  honeycomb  piston  at  the  base.  Longitudinal  structural  excitation  was  applied  at  the  top  of  the  pipe  using  a 
B&K  mini-shiiker  upon  a  honeycomb  disc.  The  shaker  was  centred  to  excite  predominantly  n  =  0  shell  waves 
(s  =  2). 


A  B&K  hydrophone  was  hung  vertically  to  ntwnitor  internal  pressure  at  any  point.  A  PVDF  wire  with 
three  turns  was  locat^  towards  the  pipe  mid  height  position.  This  sensor  detects  only  pipe  radial  motion  in 
the  n  =  0  mode.  Four  piezo-resistive  strain  gauges,  of  gauge  factor  50  were  located  at  intervals  around  the 
circumference.  These  were  also  employed  to  ^tect  the  longitudinal  strain,  largely  associated  with  the  s  =  2 
wave. 

3.1  Measurements  of  longitudinal  and  radial  motion  on  the  empty  pipe 

The  pipe  was  excited  axially  on  the  empty  shell  using  the  top  vertical  shaker.  The  input  accelerance  at 
the  top  honeycomb  cap  is  given  in  Figure  3.  This  displays  a  scries  of  resonances  superimposed  upon  a 

stiffness  characteristic  below  1  kHz,  and  a  mass  characteristic  above  1  kHz.  It  is  likely  that  these 
characteristic  lines  correspond  to  the  properties  of  the  honeycomb  cap,  the  s^aiating  resonance  occurring  at 
about  1  kHz.  The  resonances  below  1  kHz  are  associated  with  the  tube  longitudinal  nnotion  and  the  support 
plate  at  the  tube  base. 

Figure  4  displays  the  radial  displacement  W  divided  by  the  axial  strain  at  the  monitoring  position. 
Below  about  400  Hz  the  result  is  quite  clo'i  to  dte  theoretical  expectation  of  Eq.  (26).  P  =  0  for  an  empty 
pipe,  V  =  0.4  for  perspex. 

The  measurement  is  close  enough  at  low  frequencies  to  suggest  that  the  PVDF  is  useful  for 
measurement  of  the  pipe  longitudinal  motion  fen-  the  n  =  0  structural  wave,  as  well  as  the  n  =  0  fluid  wave  for 
which  it  was  originally  intend. 

3.2  Measurements  of  longitudinal  and  radial  motion  on  a  water  filled  pipe 

The  pipe  was  filled  with  water.  An  air  gap  of  one  centimetre  was  left  between  the  fluid  surface  and  the 
top  honeycomb  cap. 
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The  fluid  column  was  excited  with  the  honeycomb  piston  at  the  base.  A  hydrophone  suspended  just 
above  the  piston  monitored  the  generated  fluid  pressure.  The  piston  acceleradon  was  monitored  by  a  centrally 
mounted  accelerometer. 

Figure  S  gives  the  modulus  of  the  acceleration  per  unit  pressure  at  the  base  of  the  fluid  column.  The 
main  features  of  interest  are  the  resonance  frequencies  of  the  fluid  column  which  occurred  at  intervals  of  1 10 
Hz,  as  integral  numbers  of  half  wave  lengths  within  the  fluid. 

The  fluid  filled  pipe  was  then  excited  axially  on  the  shell  from  the  top  as  had  been  done  with  the  empty 
shell.  The  input  accelerance  at  the  shell  cap  is  compared  in  Figure  3  with  that  of  the  empty  pipe.  Most 
resonances  increase  by  about  10%  with  the  water  present.  The  reason  for  this  is  seen  in  Eq.  (18).  P  is  zero 
for  the  empty  pipe,  and  about  12.4  for  the  full  pipe.  The  presence  of  the  water  suppresses  the  Poisson's  ratio 
motion  of  the  pipe  wall  causing  the  axial  shell  wave  speed  C2  to  increase. 

The  hydrophone  was  located  adjacent  to  the  piezoelectric  ring  and  the  pressure  was  measured  using  the 
constant  form  from  Eq.  (22).  The  two  pressure  estimates  are  plotted  as  a  ratio  in  Figure  6.  Below  1  kHz  the 
value  is  close  to  unity  suggesting  an  accurate  result.  As  the  ring  frequency  is  approached  (4  kHz)  the 
piezoelectric  ring  tends  to  over  estimate  because  of  the  frequency  dependence  of  the  denominator  in  Eq.  (22). 

4.0  CONCLUSIONS 

(1)  The  s  =  1  and  s  =  2  shell  and  fluid  wave  numbers  and  wave  speeds  have  been  derived  and  confirmed 
by  measurement. 

(2)  The  radial  wall  motion  for  the  s  =  1  fluid  wave  has  been  calculated.  This  is  the  basic  sensitivity  of  the 
PVDF  sensor. 

(3)  The  radial  wall  motion  for  the  s  =  2  shell  based  wave  has  been  calculated  for  any  material. 

(4)  This  wall  motion  (3)  is  negligible  for  perspex  or  rubber  pipes,  which  means  that  the  radial  sensor  will 
accurately  measure  the  fluid  pressure  in  the  presence  of  wall  vibration. 

(5)  The  radial  wall  motion  for  the  s  =  2  shell  wave  is  similar  for  a  steel  water  filled  pipe  as  for  a  pipe  in 
vacuo.  The  radial  motion  is  controlled  by  the  Poisson’s  ratio.  A  radial  motion  sensor  will  therefore 
pick  up  contributions  from  both  s  =  1  and  s  =  2  waves,  and  would  be  inaccurate. 

(6)  For  fluid  based  excitation,  from  a  pump  on  a  steel  pipe,  the  main  wail  motion  is  attributed  to  the  s  =  1 
fluid  wave.  A  radial  sensor  will  be  accurate  in  magnitude  and  phase. 
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Figure  1  (Coordinate  system,  displacements  and  geometry. 
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Figure  2  Eracrimcnal  S«wb 


Figure  3  Input  accelerance  on  the  tube  cap. 
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Figure  4  Poisson's  ratio  measured  on  an  empty  pipe. 


Figure  6  Normalised  PVDF  pressure  measurement. 
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ABSTRACT! 

Vibrations  are  accepted  as  an  indicator  of  the  health  of  a  machine.  In  the  earliest 
times,  the  subjective  method  of  human  feel  was  adopted  to  judge  the  severity  of  vibration. 
This  led  to  disputes  of  all  kinds  and  over  the  last  100  years,  many  attempts  have  been 
made  to  set  "acceptance  standards".  The  important  ones  are  as  follows:  I)  Goldman's  chart 
2)  Rathbone's  tolerance  chart,  3)  Federna's  chart,  4)  General  machinery  vibration  severity 
chart,  5)  Polacek's  recommendations  6)  Recommendations  of  Central  Machine  Tool  Institute 
(CMTl),  Bangalore,  India.  In  the  present  work,  the  existing  standards  have  been  reviewed 
and  the  vibrations  of  a  large  number  of  used  machine  tools  were  measured.  The  quality  of 
these  machine  tools  was  assessed  in  the  light  of  various  standards. 


INTRODUCTION: 

Vibration  has  been  a  guage  of  performance  of  a  machine  since  the  beginning  of  the  indus¬ 
trial  age.  When  measurement  of  vibration  was  difficult,  people  adopted  the  subjective 
method  of  human  feel.  This  led  to  disputes  and  some  kind  of  measurement  was  invented  in 
the  middle  of  19th  century.  It  is  now  felt  that  vibration  like  temperature  and  noise  can  be 
an  acceptable  indicator  or  parameter  for  gauging  machinery.  In  this  paper  important  litera¬ 
ture  on  the  subject  has  been  reviewed.  At  the  ertd,  some  examples  based  upon  a  number  of 
case  studies  conducted  under  the  guidance  of  the  author  are  presented. 

The  scope  of  vibration  in  the  present  study  is  concerned  only  with  severity  of  the 
mechanical  vibration  of  individual  machines  and  not  individual  parts  of  a  machine.  The 
idea  is  to  evaluate  vibrations  with  respect  to  reliability,  safety  and  human  perception  and 
to  use  vibration  as  a  criterion  for  acceptance,  maintenance,  quality  control,  inspection  and 
installation  of  machinery. 

EVALUATION  OF  VIBRATION  INTENSITY: 

Vibration  may  be  defined  by  two  important  factors  or  parameters:!)  amplitude,  2)  the 
peak  or  R.M.S  value  of  velocity,  these  factors  are  to  be  evaluated  over  a  band  of  frequen¬ 
cies.  Most  existing  standards  on  vibration  adopt  these  two  parameters. 

Double  Amplitude! 

Double  amplitude  of  vibration  is  the  peak  to  peak  value  of  particle  displacement  and 
is  a  very  useful  vibration  parameter  as  it  can  cover  sinusoidal  as  well  as  non-sinusoidal 
vibrations.  When  one  is  concerned  with  the  degree  of  imbalance  and  relative  deflections, 
amplitude  is  the  relevant  factor. 
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Fig.  3s  Rathbone  chart  of  Vibration  Severity. 
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Fig.  4:  Federna's  recommendations  on  vibration. 
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Fig.  5:  Russian  standard  on  vibration  (I  -  200  -  54) 
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Fig.  6:  General  machinery  vibration  severity  chart. 
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Velocity; 

When  one  is  concerned  with  internal  wear  and  machine  failure,  velocity  measurement 
is  important.  The  energy  of  vibration  is  proportional  to  tlie  square  of  the  mean  velocity. 
As  tlw  velocity  directly  affects  wear,  it  is  a  valuable  parameter  when  vibration  is  used  for 
maintenance  purposes.  Vibrations  with  the  same  RMS  velocity  in  the  frequency  band  tO  to 
1000  are  generally  considered  to  be  of  equal  severity.  Succe^ing  ranges  of  the  evaluation 
classifications  have  a  ratio  of  i_^  giving  a  step  of  4  dB  between  severity  levels. 

IMPORTANT  STANDARDS; 

The  first  human  response  curves  for  vibration  were  obtairwd  during  1920-1930  by  U.S. 
Navy  Scientists. 

Goldman's  Chart  of  Human  Response; 

Goldmann's  human  response  curves  are  shown  in  Fig.1.  These  are  very  important  for 
travelling  in  automobiles,  ships  etc.  The  response  values  were  obtained  by  statistical 
methods  and  are  valid  for  the  majority  of  people. 

The  threshold  perception  of  tangential  vibration  applied  to  the  finger  tip  is  given  in 

Fig.2. 

Rathbone's  tolerance  chart; 

This  was  given  in  1939  and  was  prepared  for  the  sake  of  safety  and  insurance  rather 
than  maintenance.  Fig.3. 

Federna's  tolerance  chart;  (DIN  4150)  (Fig.4) 

These  are  based  upon  constant  velocity  curves  following  preferred  series  R.5.  Federna's 
recommendations  seen  to  cover  only  low  speed  machines. 

Russian  Standards; 

The  Russian  standard  on  vibration  covers  a  speed  range  of  600  to  6000  RPM.  The 
curves  in  the  Russian  standards  are  steeper  than  Federna's  curves. 

Gerwral  Machinery  Vibration  Severity  Chart; 

This  chart  is  given  in  Fig.6.  The  curves  in  this  chart  provide  a  guide  to  establish 
vibration  tolerances  for  machinery  running  at  speeds  upto  100,000  RPM. 

German  Standard; 

This  is  given  in  Fig.7.  This  is  similar  to  the  chart  shown  in  Fig.6. 

There  are  other  less  known  or  rather  similar  standards  and  recommendations  which  are 
skipped  in  this  paper. 

RECOMMENDATIONS  FOR  MACHINE  TOOLS; 

Machine  tools  are  mother  machines  and  their  trccuracy  and  performance  affect  the 
manufacturing  quality  of  all  other  machines.  Comprehensive  recommendations  regarding 
vibrational  tolerance  limits  for  machine  tools  were  first  proposed  by  Polacek.  In  the  more 
recent  times  recommendations  have  also  been  made  by  the  Central  Machine  Tool  Institute, 
India.  These  recommendations  for  4  types  of  commonly  used  machine  tools  are  summarised 
in  Table  1.  It  may  be  seen  that  vibrational  amplitudes  are  required  to  be  measured  upto 
speeds  of  600  RPM,  whereas  velocities  are  to  be  measured  at  speeds  of  600  RPM  and  above. 

It  may  be  seen  that  the  recommendations  made  by  CMTl  allow  higher  amplitudes  and 
lower  velocities  for  the  same  vibrational  severity  description  in  comparison  with  the  recom¬ 
mendations  of  Polacek.  From  this  it  may  be  said  that  Polacek's  recommendations  are  more 
suitable  for  acceptance  purposes,  whereas  CMTI  recommendations  are  more  relevant  for 
maintenance  purposes. 

EXAMPLES  OF  CASE  STUDIES  CONDUCTED; 

Extensive  data  on  vibrational  amplitudes  and  velocities  was  obtained  on  a  large  number 
of  machine  tools  using  the  Bruel  It  Kjaer  Piezo-electric  vibration  meter  (type  2511).  Two 
examples  only  are  presented  here. 
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Fig.7  :  Limit  zone  of  vibrations:  (VDI  -205-210) 
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Fig.8.1.  Vibrational  behaviour  of  a 
specific  lathe  judged  by 
Polacek's  recommendations. 
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Fig.8.2.  Vibrational  behaviour  of  the  same  lathe  as  in  Fig.8.1  judged  by  CMTI  recamndat ions 
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Fig.  9.1.  Vibrational  behaviour  of  a  specific  Milling  Machine  judged  by  Polacek's 

recommendations. 
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Fig.  9.2.  Vibrational  behaviour  of  the  same  milling  machine  as  in  Fig.  9.1 
judged  by  CMTl  recommendations. 
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Table  1 


Polacek 


Machine 

Double 
arpl  itude 
(p  m) 

Peak  velcxrity 
(ran/ sec) 

Double 
arpl itude 
(ji  m) 

IMS 

velocity 
(ran/ sec) 

Description 
of  vibration 
severity 

{ f  requency 

4  10  Hz) 

(frequecKy 
>  10  Hz) 

(frequency 

4  10  Hz) 

(f  recjuency 

10-1000  Hz) 

Lathe 

25 

2.5 

32 

1.8 

NoittbKN) 

16 

1.6 

20 

1.15 

Mediun  (M) 

10 

1.0 

12.5 

0.7 

Precision(P) 

1 

8 

0.45 

High  Preci¬ 
sion  (hP) 

Milling  10  1.0 

Machine  6.3  0.63 

4.0  0.4 


20  0.7  N 

12.5  0.45  M 

8  0.28  P 


Table  I:  Recaimendations  on  limits  of  vibrational  severity  of  M/c  tools. 

Figures  8  and  9  are  typical  charts  showing  double  amplitude/peak  velocity/RMS  velo¬ 
city  at  various  speeds  for  a  lathe  and  milling  machine  respectively.  Figures  8.1  A,  8. IB, 

9. 1 A  and  9.  IB  correspond  to  Polacek's  recommendations.  Figures  8.2A,  8.2B,  9.2  A  and  9.2B 
correspond  to  CMTl  recommendations.  It  may  be  seen  that  in  general,  amplitudes  of  vibra¬ 
tion  are  within  limits  of  P,M,  or  N  up  to  sjjeeds  of  600  RPM.  At  spe^s  higher  than 
600  RPM  the  amplitude  may  exceed  the  P-M-N  range.  The  milling  machine  under  question 
has  its  vibrational  amplitudes  as  well  as  velocities  exceeding  the  P-M-N  range.  It  is  interest¬ 
ing  to  note  that  these  three  machines  are  roughly  of  the  same  age.  However,  the  higher 
amplitudes  for  the  milling  machine  seems  to  be  not  due  to  its  original  design  or  quality  but 
its  higher  rate  of  bear.  It  is  common  knowledge  that  milling  machines  are  continuously 
subjected  to  oscillating  loads  and  so  wear  more  rapidly  than  other  machine  tools. 

CONCLUSION; 

The  various  recommendations  on  vibrational  limits  are  very  useful  for  accurately 
assessing  the  condition  of  old  machine  tools  which  are  expensive. 

It  is  necessary  to  establish  proper  vibrational  standards  for  precision  and  high  precision 
machines  and  vital  drive  components  going  into  them.  The  auther  has  initiated  work  in  this 
direction. 
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There  is  investigated  a  possibility  of  mea.?urlr»g  the  amount  of 
amplitude  (dlohrolc)  non-reciprocalness  in  gyro tropic  media  put  In 
external  field  using  the  method  of  photoacoustic  (PA jspectroscopy .  We  get 
the  expressions  for  the  amplitude  and  phase  characteristics  of  PA  - 
signal  corresponding  to  the  orthogonally  polarized  Isonortnal  waves  in 
opposite  directions.  We  suggest  a  way  of  determination  of  amplitude 
non-reciprocalness  of  ring  laser  resonators,  containing  elements  with 
natural  and  mekgnetlc  dlchrolsm  measuring  the  difference  of  amplitudes  and 
phases  of  PA  signals  due  to  the  different  absorption  of  waves  propagating 
in  direct  and  reverse  directions. 

It  follows  from  some  studies  [1-3]  that  the  effects  of  optical 
non-reciprocalness  take  place  in  gyrotroplc  crystals  under  the  action  of 
external  magnetic  field.  Irreversibility  of  light  propagation  is  due  to 
the  difference  in  phase  velocities  of  Isonormal  waves  propagation  in  the 
opposite  directions.  There  is  also  a  polar  non-reclprccalness  of  forward 
and  reverse  wave  [3]  due  to  different  elllptlclty  of  Intrinsic  waves.  As 
a  gyrotroplc  crystal,  put  in  external  magnetic  field,  is  characterized  by 
absorption  that  it  is  obvious  that  one  more  similar  effect  can  take 
place,  l.e.  dichrolc  non-reciprocalness  of  direct  and  reverse  waves  due 
to  different  absorption  of  orthogonally  polarized  isonormal  waves. 

The  given  effect  has  Important  practical  implementation.  for 
example,  for  the  realization  of  one  directed  generation  of  optical 
radiation  of  ring  laser  in  which  the  resonator  is  used  with  amplitude 
non-reciprocalness  containing  the  elements  with  magnetic  and (or)  natural 
circular  dlcholsm  [4]. 

In  this  study  we  investigate  a  possibility  of  using  the  method  of 
photoacoustlc  (PA)  spectroscopy  for  meastirlng  the  eunount  of  amplitude 
(dlohrolc)  non-reciprocalness  in  gyrotroplc  media. 

We  shall  discuss  the  subject  on  the  basis  [1]  of 


D  =  ^  e  +  t (7  h)^  j  E  +  ta  H  . 
B=H-taE,  (11=1) 


that  describe  naturally  activity  media  with  applied  external  magnetic 
field.  In  (1  )  7  -antisymmetric  tensor  of  the  2-nd  range,  dual  to  the 


magnetic  gyration  vector  7  i  the  Imaginary  part  ot  which.  7"  .  relate.-; 

to  the  magnetic  circular  dlchrolsm.  01  =  Ot’  +  t  'X"  .  with  Cl"  -the 

natural  circular  dlchrolsm.  H_ -  the  external  magnetic  field. 

Solving  the  equation  for  normals,  on  the  basis  of  (1  )  and  Maxwell 
equations  [D  E]  =  B.  [D  H]=  -  D.  we  get  the  refractive  Indexes  for 

clrculary  polarized  waves  [1],  imaginary  part  of  which,  calculated  up  to 
the  1-st  order  of  magnitude  of  gyration  parameters,  is  of  the  form: 


n" 


7"  VE- 


n  h 


h  £•  t  (e-/4e’), 


(2) 


where  n  is  the  unit  vector  of  a  wave  normal  and  parameters  ,Ct^. 

7^.  correspond  to  the  isotropic  media  without  the  inversion  center.  n  h 

=  =  ilh,  COS  (6),  9  -  arigle  between  vector_n  and  direction  of  the  external 
magnetic  field. 

In  our  case  the  sample  under  consideration  is  located  in 
gas -microphone  rotating  cell  for  measuring  in  transmittance  mode  [53 i  to 
the  cell  being  in  the  external  magnetic  field  .  Selecting  the  optimal 
condition  of  thermally  thick  optically  thin  sample,  we  can  write  the 
bellow  expressions  for  the  PA  signal  amplitude; 

1 

=  A  =  4%  nyK,  (3) 


where  Q  -  the  modulation  frequency  of  Incident  light  beam.  A  -  value, 
determined  by  parameters  of  the  media  and  PA  cell.  Taking  into  account 
(2)  and  (3^,  and  determining  the  difference  of  PA  signal  amplitudes  for 
the  direct  and  reverse  waves  we  can  derive  r  v 


■1.2 


n  b 


from  which  we  conclude  that  the  resulting  signal,  measured  in  forward 
(Qp j  )  and  reverse  directions  differs  by  the  magnitude  that  is 

proportional  to  the  doubled  value  of  magnetic  circular  dlchrolsm 
parameter  7^  .  It  is  obvious  that  the  difference  of  the  PA  phases  for 

lef  t/rlght-polarlzed  waves  AO  =  !  <3)  -  <J) I  =  arctg(  (X-y )  )/ (  l+zy )  ) , 

where  X  =1  -  +  (  /  -  y  =1  -  cBT  (?  -  2X_) .  X^=  a  /a^. measured  in 

opposite  directions,  differ  by  37''  multiplied  /(SE.  ),  (where  /  -  is 

o  - 

function  of  optical  and  thermal  parameters  of  a  medium). 

Therefore,  measuring  the  amplitude  and  phase  characteristics  of  PA 
signal,  coiTespondlng  to  circul€kry-polarlzes  of  incident  light,  let  us 
determination  the  magnitude  of  the  dlohrolc  non-reclprocalness  of  gyro- 
tropic  media  or  sunplltude  non-reclprocalness  of  resonators  ring  lasers. 
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ABSTRACT 

An  approach  to  the  noiae  prediction  problem  f<x  a  ccanplicated  aource  (e.g.,  a  machine)  in  a  complicated 
room  ia  preaented  for  the  frequency  range  where  aoond  wavelength  ia  greater  or  comparable  to  the  source 
and  room  dimenaioiia.  Solution  obtained  to  the  proUem ’s  expressed  through  a  finite  number  of  parameters 
of  rigorously  defined  naodels  of  the  eiund  source  and  room  which  can  be  measured  experimentally. 

A  sound  source  ia  modeled  by  an  ensemble  of  secondary  pdnt  sources  (noonopoles  and  dipoles  located 
at  an  enveloping  surface)  which  correspond  to  radiation  in  the  free  space.  Sound  scattering  by  the  source 
body  ia  taken  into  account  as  a  matrix  of  scattering  coefficients.  A  method  of  experimental  identification 
of  these  model  parameters  in  arbitrary  closed  room  is  proposed.  The  method  is  based  on  the  pcoperties 
of  Helmholtf  integral  operator  and  on  the  two-microphone  measurement  techniques. 

Acoustic  model  of  a  room  is  defined,  in  the  apjxoach,  by  a  matrix  integral  coefficients  of  sound 
reflection  from  the  room  walls.  The  coefficients  may  also  be  measured  experimentally. 

A  number  of  laboratory  experiments  has  been  carried  out  which  prove  practical  validity  of  the  source 
model  as  well  as  the  experimental  method  of  identification  of  its  parameters. 

1  INTRODUCTION 

Of  great  interest  in  noise  -ontrol  engineering  is  the  problem  of  predicting  sound  fidd  radiated  from  a  source 
in  an  enclosed  space.  In  fact,  the  prediction  problem  is  the  central  ^oblem  in  general  fidd  theory,  and 
there  is  a  large  body  of  literature  on  the  subject,  especially  in  electrodynamics  and  underwater  acoustics. 
In  machinary  acoustics,  the  problem  is  distinguished  by  the  extreme  geometric  and  physical  conqdexity 
<ii  sound  sources  (machines  and  other  operating  equipment)  and  rooms  (such  as  manufacturing  halls  or 
vehicle  compartments).  Here  the  problem  has  solutioiu  in  limiting  cases  of  very  low  and  high  frequencies. 
In  wide  frequency  range  where  the  sound  wave  length  is  comparable  to  the  source  and  room  dimentions 
the  proNem  cannot  be  considered  as  scfived.  There  ate  a  number  of  attempts  to  treat  it  (see,  e.g.  [1-4]), 
but  a  solution  practically  acceptable  in  this  frequency  range  seems  posable  only  on  the  experimental  basis 
[51. 

It  is  the  purpose  of  this  p^>er  to  present  a  new  approach  to  the  problem  whi'  tovide  such 

solution  to  a  large  class  of  complicated  sources  and  rooms.  The  key  point  of  the  approach  ae  theory  in 
which  the  sound  field  is  expressed  via  a  finite  number  of  parameters  of  the  sources  and  room.  Starting  frmn 
the  theory,  formal  acoustic  models  of  a  sound  aource  and  a  room  are  rigorously  defined,  and  experimental 
procedures  are  proposed  for  identifying  their  parameters.  The  model  parameters  of  given  room  and  source 
may  be  measur^  separately  in  rather  arbitrary  acoustic  conditions.  Knowledge  of  these  parameters  sllows 
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(««  to  ixedict  the  eound  pnamue  levde  in  the  room  when  the  toiute  ie  inetalled  end  opnnting  in  this 
room. 

2  SOLUTION  TO  THE  PREDICTION  PROBLEM 

Coniidet  n  eound  eouroe  of  finite  dimeneion  (a  marine)  operating  in  an  enckaed  q>ace  (in  a  room). 
Snppoae  that  other  noiae  aourcea  ate  ahaent  and  the  aonnd  field  ia  harmonic  in  time.  The  atarting  point 
of  the  theory  ia  the  repreaentation  of  the  total  preaanre  fidd  p(*)  in  the  form: 

P(»)  =  E 

mmC 

where  z  ia  coordinatea  of  any  point  of  the  room,  the  time  dependence  exp(~iu/t)  is  anpreaaed.  Here 
the  function  Po(>)  is  the  pressure  field  of  the  machine  in  the  free  space.  The  field  pi(z)  corresponds  to 
the  "firat”  reflection  of  the  field  Po(*)  the  bounding  surfaces  at  the  room  (walls).  More  exactly,  the 
function  pi(z)  describes  the  fidd  in  the  room  without  the  machine  if  the  sralls  of  the  room  are  ezdted  by 
the  field  Po(t)-  The  pressure  function  P3(z)  corresponds  to  scattered  fidd  when  the  fidd  P](z)  impinges 
on  the  body  of  nonoperating  machine.  E!ach  term  with  odd  index,  P2j-n{*),  is  the  field  produced  a 
single  reflectirm  from  the  walls  when  incident  is  the  field  P3>(z)  which,  in  turn,  is  produced  by  scattering 
of  the  fidd  p2j  —  l(z)  hy  the  machine  body. 

After  combining  the  terms  with  odd  and  even  indices  Eq.(l)  can  be  rewriten  as 

p(z)  =  p'(z)  +  p*(z),  (2) 

where  p*{*)  =  u  the  direct  fidd  condating  of  outgoing  fidds  radiated  and  scattered  by  the 

machine,  p'(x)  =  denotes  the  Sdd  d  standing  waves  in  the  room  without  the  machine. 

The  next  step  in  the  theory  is  to  rdate  the  partial  fidds  Pm(s)i  m  s  0, 1...  to  each  other.  The  best  way 
to  do  it  is  to  expand  them  in  appropriate  set  of  foncticas.  In  this  report  we  use  the  spherical  functions.  Let 
3* ,  and  3^  be  vectors  of  coefficients  of  expansions  of  the  fidds  and  Pm(x)  in  these  functions. 

The  direct  fields,  p^(z),psi|(z),  ate  expanded  in  the  outgoing  spherical  function  (the  radial  functions  are 
the  spherical  Hunkd  functions  of  the  first  kind  A^*)(kr)).  The  standing  waves  fidds,  p'(z)andp3j^i(z),  ate 
expanded  in  regular  functions  (the  radial  components  aie  the  spherical  Bessel  functions  j^(kr)).  Now  we 
introduce  two  matricc;,  R  and  T,  relating  the  coefficient  vecsots: 

dy+i  =  RSjf,  *1,  =  T3ii-t  (3) 

The  matrix  T  is  the  matrix  of  coefficients  of  sound  scattering  by  the  non<^rating  machine  (similat  to  the 
T-matrix  introduced  by  Waterman  [6]),  and  R  is  the  matrix  of  spherical  coefficients  of  sound  reflection 
from  the  room  walls.  These  matrices  are  fully  defined  by  the  machine  (T)  and  the  room  (R)  properties 
and  do  not  depend  <m  interconnected  fidds  (on  the  index  j). 

Substitutimi  d  E<).(3)  into  the  representation  (2)  gives 

a*  =  (E-  TR)-%,  a- =  R3‘,  (4) 

£  is  the  identity  matrix.  In  general  situation,  which  is  the  case  in  practice,  when  there  are  auxiliary  sound 
sources  in  the  room,  the  fdlowing  equations  can  be  derived  which  generalise  the  Eq.(4) 

a‘  =  (E-  TRr%  +  T(,E-  RT)-%,  3"  =  R{E  -  TR)-'ao  +  (£  -  RT)-%  .  (5) 

where  bj  is  the  vector  of  coefficients  of  the  field  generated  by  the  auxiliary  sources  in  the  romn  without 
the  machine. 

Equations  (5)  give  a  full  formal  salution  to  the  ndse  prediction  problem.  The  totd  sound  fidd  in  a 
room  is  expressed  as  a  function  of  sound  fields  d  the  sources  in  standard  conditions  (for  the  machine  -  in 
the  free  space,  do,  and  for  auxiliary  sources  -  in  the  room  without  the  machine,  bi),  the  matrix  R  describing 
acoustic  properties  of  the  room  and  the  matrix  T  characteriang  the  machine  as  a  scatterer  of  sound.  The 
sdntion  (5)  is  obtaind  in  terms  of  sfdiericd  coeffidenta,  aU  the  phisycd  fidd  quantities  (pressure,  particle 
velocity,  etc.)  can  be  easily  rebuilt  as  the  series  in  spherical  fiinctiona. 

The  exact  fcmnd  solution  (S)  implys  that  the  vectors  3^,  b  and  matrices  R,  T  have  an  infinite  nundier  of 
crmqionents.  In  jnactice,  thdr  order  is  finite,  and  Eqs.(3)-(5)  are  approximate.  The  difierence  between  the 
exact  and  i^ptoximate  solutions  depends  on  the  properties  of  the  acoustic  fidd  under  stndy(its  smoothness 
on  5)  and  is  one  of  comprments  of  the  totd  error  which  can  be  estimated  experimentally. 
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9  DEPINrriON  OF  THE  MODELS 


It  is  Men  bom  the  eolntioa  (5)  that  the  eoand  eonice  nndet  etndy  (the  machine)  ia  nwxktod  by  ita  aonnd 
field  in  the  free  apace,  dg  and  fay  the  acattering  matrix  T,  The  leflecriag  matrix  JI  ia  in  thia  caae  the 
aconatic  model  of  the  toom. 

It  ahonld  be  noted  that  the  vectot  parameteia  of  the  aontce  model,  Sg,  may  be  leplaced  by  moK  phyrical 

paiameteta,  namdy,  by  two  aectoca,  A  =  M*t) . and  A  =  «g(ai) . M*h),  which  deacribe  the 

pceHnre  and  particle  vriodty  diatribntiona  on  Um  hemiapWe  S  enarioping  the  machine,  in  the  free  q>ace 
cmtditiana  (a^,  j  =  1, N,  m  the  grid  pointa  on  5).  The  machine  in  thia  caM  ia  modded  1^  an  eeaemUy 
ct  the  aecondaiy  point  aonicea  -  N  monopolee  and  N  dipoka  located  on  the  enadoping  aniface  S.  It  ia 
apparent  that  modd  parametera  A  paiametera  Ai  <4  eqoiaalent,  they  are  linearly  interconnected 
aia  aphericd  harmonica. 

4  FIELD  FACTORIZATION 

One  of  the  main  pointa  of  the  ^proach  praaented  here  ia  the  field  factorisation,  i«.  pccMntation  of  the 
field  as  a  sum  of  outgoing  and  standing  waves  (see  Eq.(2)).  We  urn  for  the  purpose  the  Hdmholts  integrd 
operator 

B(p,  »)  =  J  f  *)/^  -  »/>“«'(»)»(*.  (6) 

where  5  is  a  dosed  sntbce,  g{t,  a)  =  exp(tibr)/4xr  is  the  Green  frmction  of  the  free  q>ace,  p{$)  and  v(a) 
are  values  of  the  sound  pteasnre  and  particle  velocity  on  5,  a  €  S,  it  is  the  outward  normd  vector,  x  is 
a  space  point,  r  =  |x  —  a|.  According  to  the  baric  property  of  the  operatorfT]  we  have  B{p,  v)  =  p^(s) 
for  X  outride  5,  and  H{p,  v)  =  — p'(e)  for  x  inside  5.  In  other  words,  whra  the  ^-operator  acts  on 
arlxtrary  sound  fidd,  measured  at  the  surface  5,  it  ^ves:  in  the  exterior  region  of  5  •  the  fidd  component 
generated  by  sources  placed  inside  S;  and  in  the  interior  region  of  5  -  the  fidd  component  p*  generated 
by  sources  operating  outside  S.  Contrary  to  the  commonly  used  method  [8],  this  method  of  factorisation 
is  valid  at  all  frequencies  and  is  applicable  to  any  dosed  surface  5. 

In  practicd  apidication  of  the  noethod,  we  cdculated  the  integrd  curator  (6)  replaced  by  its  discrete 
analogue.  Measurements  of  the  totd  presure  and  particle  velocity,  p  and  v,  on  the  surface  S  were  performed, 
in  this  work,  using  the  two-microphone  technique. 

5  IDENTIFICATION  OF  THE  MODEL  PARAMETERS 

Here  it  will  be  shown  how  the  paranKters  of  the  source  modd,  A  and  T,  and  the  parameters  of  the  room 
modd,  R,  can  be  obtained  experimentally  in  rather  arldtraiy  acoustic  conditimis,  using  convensiond 
measuring  techniques. 

The  vector  parameters  of  the  source  model,  A  or  A  >%>  ^  d>trined  by  direct  measurements  in 

an  anechoic  romn.  However,  many  sources  cannot  be  installed  in  anechoic  rooms.  Besides,  the  frequency 
range  considered  here  indudes  low  freguences  at  which  it  is  not  simjde  to  rimdate  free-space  conditions. 
Therefore  experiment  procedure  is  proposed  for  parameter  identification  in  arbitrary  dosed  room.  The 
idea  of  the  procedure  fdlows  directly  from  Eqs.(5):  multiplying  the  second  Eq.(5)  by  the  matrix  T  and 
sufastracting  it  from  the  first  Eq.(5)  yield 


A  =  F'-TS*.  (7) 

This  equatimi  shows  that  the  paransetera  of  the  source  modd  (A)  can  be  extracted  from  experimentally 
measured  totd  field  in  a  room,  if  the  scattering  matrix  T  is  known  and  if  the  totd  field  is  factorised 
Mcording  to  Eq  (2). 

The  matrix  T  of  the  scattering  coefficients  can  be  determined  in  the  following  experiment.  Let  the 
nonoperating  machine  be  installed  in  any  room  and  subjected  to  sound  radiation  from  a  small  probe  source 
located  outride  a  hemisphere  5  envdoping  the  machine.  Measuring  the  sound  fields  on  5,  factorising  it 
and  expanding  into  the  aphericd  functions  one  can  obtain  vectors  3*  and  3*  ,  which  are  intereconnected 
by  the  equation  3*  —  TS",  which  strictly  follows  from  Eiq.(5)  for  A  =  0-  Having  done  the  procedure  for 
severd  rites  of  the  probe  source  outride  5,  one  can  obtain  the  matrix  T.  C  Fig- } 
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The  reflecting  matrix  R,  i.e.  the  parameten  of  the  room  modd,  can  be  determined  experimentally  by 
similar  procedure.  In  this  case,  the  room  under  study  without  a  machine  is  insinified  by  the  small  probe 
source  placed  at  several  points  inside  the  measurement  sphere  S. 


8  EXPERIMENTAL  VERIFICATION 

A  number  of  numerical  irwthod  and  labrxatory  experiments  have  been  carried  out  aimed  at  investigatmg 
the  discretisation  erm  of  the  operations  invrflved,  the  experimental  errors,  and  at  verifying  the  source 
model  and  the  parameter  identification  procedures.  The  laboratory  expesiments  were  performed  with  a 
coii4>licated  sound  source  in  the  frequency  range  90-250  Hs.  Tlie  scattering  matrix  T  was  determined 
according  to  the  scheme  described  above.  The  parameters  of  the  source  modd  vrere  obtained  by  the  direct 
measurements  in  the  free  space  as  well  as  in  several  enclosed  rootm.  The  pressure  and  particle  velocity 
were  measured  by  intensimetric  probes  at  22  grid  pointa  of  enveloping  hemiq>here,  then  srere  frtftorised 
and  expanded  in  ajdierical  harmonics.  The  model  parameters  were  computed  according  to  Eq.(7).  It  was 
found  that  the  difierence  between  the  values  of  parameters  obtained  in  various  rooms  and  in  the  free  space 
did  not  exceed  the  experimental  error  10%. 

The  experiments  showed  that  the  method  of  source  model  parameter  identification  works  good  even 
in  hard  acoustic  envinm-  noents.  We  have  managed  to  extract  the  model  parameters  (which  correspond 
to  the  free  space  conditions)  from  the  total  field  ttteasured  in  a  small  undamped  empty  room,  the  total 
pressure  ampli-  tude  exceeding  18  dB  the  anqditude  <d  the  extracted  component.  It  became  posaiUe  due 
to  high  effidency  of  the  field  factorisatirm  procedure  based  on  use  of  the  HelmhcJts  operator. 

The  erq>eriments  performed  have  proved  practical  validity  of  our  q>proach.  Besides,  they  have  demon¬ 
strated  that  the  fiT-operator  is  a  very  useful  tool  for  experimental  study  of  complicated  acoustic  fields. 
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ABSTRACT 

In  the  commonly  used  active  noise  cancellation  configuration,  on-line  system  identification  of  the  auxiliary 
path  and  error  path  has  been  a  difficult  problem.  The  algorithms  already  proposed  are  not  satisfactory.  A  new 
algorithm,  using  a  "parallel  padi  difference"  scheme,  is  developed  theoretically.  Simulation  results  successfully 
proved  the  validity  of  the  theory  and  the  feasibility  of  the  new  algorithm.  Steady  state  and  dynamic  performance 
is  analyzed. 

I.  INTRODUCTION; 

In  the  commonly  used  active  noise  cancellation 
configuration  (Fig.l),  a  copy  of  the  transfer  function 
products  H$(z)He(z)  is  needed  for  the  filtered-X  [1]  or 
filteied-U  [2]  algorithms.  On-line  system  identification  of 
Hs(z)He(z)  is  preferred  to  accommodate  the  changing 
environment,  thus  the  changing  parameters  of  Hs(z) 
and/or  He(z).  This  is  a  difficult  task  since  the  signal 
picked  up  by  the  eiror  micrcqthone,  e”(n),  is  always  a 
mixture  of  signals  from  P(z)  and  Hs(z)  and  we  have  no 
way  of  distinguishing  the  two.  From  another  point  of 
view,  if  we  use  an  adaptive  filter  T(z)  to  identify 
Hs(z)He(z)  (Fig.  2)  [1],  the  disturbance  in  the  modelling 
scheme  is  closely  correlated  with  the  input  signal  to  T(z), 
resulting  in  a  biased  optimal  solution  of  T(z),  as 
described  by  the  following  mathematical  deduction. 

From  Hg.  2,  when  adaptive  filter  T(z)  converges,  the 
Z-transform  of  the  errOT  sequence  e(n),  according  to 
Mason’s  law,  is: 

E(z)  =  (P(z)He(z)  +  A(z)  Hs(z} Heiz)  -  A{z)T{z))  •  V{z)  (1) 

if  e(n)=0,  then  E(z)=0,  we  have  : 


Tigur*  1  Commonly  used  active  noise 
control  configuration 
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T{z)  -  Ha{z)He{z)  * 

akz) 


(2) 


therefore  T(z)  is  not  the  desired  Hs(z)He(z),  instead, 

it  is  biased  by  an  unknown  part  . 

A(z) 

n.  NEW  PARALLEL  PATH  DIFFERENCE 
ALGORITHM: 


The  algorithms  already  proposed  to  solve  the  above 
problem  are  analyzed  and  found  unsatisfactory 
[2][3][4][S].  To  meet  the  need  for  better  algorithms  re 
identify  Hs(z)He(z),  a  parallel  path  difference  algorithm 
is  proposed  in  this  research  (Fig.3).  There  are  three  key 
points; 

a)  We  separate  the  process  of  identifying  Hs(z)He(z) 
and  that  of  t^ucing  noise,  because  unless  we  get  the 
right  copy  of  Hs(z)He(z),  the  effort  of  trying  re  reduce 
the  noise  will  be  in  vain.  Therefore  we  use  software  re  detect  the  change  of  Hs(z)He(z)  by  detecting  the  trend 
of  el”(n)  and  e2”(n).  Once  change  detected,  the  software  will  go  re  a  routine  tn  which  it  fixes  the  noise 
canceling  filters  and  tracks  the  new  Hs(z)He(z),  then  it  adapts  the  filters  re  cancel  the  noise. 

b)  In  the  process  of  modelling  H$(z)He(z),  we  do  not  model  Hs(z)He(z)  directly.  Instead,  we  use  two 
parallel  paths  and  split  the  input  sequence  into  odd-numbered  and  even-numbered  sequences  to  drive  the  two 
adaptive  paths  alternately.  Ato  the  two  adaptive  filters  both  converge,  we  use  the  optimal  coefficients  of  the 
two  filters  re  CALCULATE  Hs(z)He(z),  i.e.  the  infcnmation  about  Hs(z)He(z)  is  extracted  from  the  difference 
of  the  two  paths.  The  switching  between  the  two  paths  is  accomplished  by  software. 

c)  Software  detectors  to  detect  the  convergence  conditions  are  crucial  in  this 

There  are  two  detectors  involved  here.  One  is 

the  detector  to  detect  the  change  of  Hs(z)He(z). 

This  can  be  easily  done  by  detecting  the  changing 
trend  of  e”^(n).  In  normal  mode,  the  main  path  is 
used.  (Rg.  2)  If  Hs(z)He(z)  has  not  changed,  we 
have  the  right  copy  in  the  filtered-X  path,  e’'^(n) 
should  be  going  down.  If  Hs(z)He(z)  has  changed 
so  much  that  the  copy  we  had  can  no  longer  be 
used  as  an  approximation  of  dw  teal  Hs(z)He(z), 
e’'\n)  will  be  going  upftending  to  diverge).  Thus 
by  detecting  the  trend  of  e”’(n),  we  can  detect 
die  change  of  Hs(z)He(z),  then  the  software  will 
go  re  a  routine  in  which  it  switches  the  input 
between  the  two  paths  to  determine  the  new 
Hs(z)He(z).  The  second  detector  is  the  one  to 
detect  the  convergence  of  the  two  switching 
paths.  This  one  is  even  more  crucial  and  may  be 
more  difficult  re  implement  Only  when  the  two 
switching  paths  have  convetged(i.e.  Tl(z)  & 

T2(z)  have  converged),  can  we  calculate  the  new  Hs(z)He(z)  by  the  following  method.  More  of  this  point  will 
be  discussed  near  the  end  oi  this  paper. 

After  convergence  of  the  two  switching  paths,  Hs(z)He(z)  can  be  calculated  as  follows; 

1.  The  case  without  feedback; 

In  the  system  diagram  shown  in  Rg.  3,  when  the  filters  Tl(z)  and  T2(z)  converge,  we  have; 


algorithm. 


rigur*  3  Parallel  Path  Difference 
algorithm,  no  feedback  case 


rigiar*  2  Identification  of 
Hs(z)He(z)  with  T(2) 
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BUz)  -  (  P(ar)»B(*)  *  AHz)HB{z)Ha{z)  -  Al(z)Tl(z)  )  •  V^^lz)  (3) 

B2(Z)  •  (  P{z)He(z)  *  A2(z)Ha(z)Ha(z)  -A2lz)T2(z)  )  •  v^iz)  (4) 

When  Tl(z)  and  T2(z)  have  enough  coefficients: 

BUz)  -  E2(z)  ■  0  (5) 

we  can  assume: 

V^(z)  •  V^iz)  (6) 


subtract  the  two  equations  and  solve  for  Hs(z)He(z),  we  have: 

Hs{z)He(z)  «  (7) 

Al  (z)  -  A2(z) 

This  is  a  significant  result  ccMipared  with  [Equ.2]  since  the  unknown  tenn  P(z)He(z)  is  canceled,  thus  the 
errar  path  Hs(z)He(z)  can  be  estimated  correctly. 

During  the  modelling  process,  we  can  let  A2(z)  and  Al(z)  have  a  fixed  relation  such  as:  A2(z)=m*Al(z) 
where  m  is  an  adjustable  constant,  then  the  above  equation  becomes: 

Hs{z)He{z)  »  (B) 

1  -  IB 


SO  we  calculate  Hs(z)He(z)  fiom  the  final  coefficients  of  Tl(z)  and  T2(z). 
2.  The  case  with  feedback: 


The  system  diagram  is  shown  in  Rg.4.  When  the  filters  Tl(z)  and  T2(z)  converge,  we  have: 
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BUz) 


p, *  Al  (z)  Ha{z)He{z)  -A1  iz)  Tl  (z) 
P(z)«e(3)  I  -  B(z)  *  Al(z)Ha(z)Fiz) 


(9) 


B2(z)  .  p(,\Ha(z)  *  A2(z)H8(z)HbIz)  -  A2{z)T2{z) 

1  -  S{z)  ♦  A2(z)#s(z)f(z) 


(10) 


Since  F(z)  is  the  feedback,  we  can  use  a  diiectiona}  speaker  at  the  canceling  point  and  a  directional 
microphone  at  the  input  point  to  make  sure  that  feedback  is  weak,  in  other  woids,  the  coefficients  of  F(z)  are 
much  smaller  than  those  of  He(z).  Then  if  we  let :  A2(z)=m*Al(z)  and  choose  m  close  to  1,  e.g.  mM).99, 
it  is  reasonable  to  assume  that  the  two  denominators  are  equal  while  Al(z)Hs(z)He(z)  and  A2(z)Hs(z)He(z)  are 
not  (we  need  the  difference  between  the  two). 

Solve  for  Hs(z)He(z),  we  have  the  same  result: 

Haiz)He(z)  =  ri(z)  -  m  «  T2[z) 

1  -  fli 


m.  STEADY  STATE  ANALYSIS  IN  TIME 
DOMAIN: 


To  demonstrate  the  inner  workings  of  the  system  in 
m«e  detail,  we  now  use  the  more  classical  approach  to 
derive  the  mean  square  error  function  in  time  domain,  to 
get  the  Wiener  solution  and  to  compare  it  with  the  above 
results  obtained  using  Mason’s  law.  To  simplify  the 
expressions,  we  can  combine  He(z)  into  P(z)  and  Hs(z) 

[2],  obtaining  the  equivalent  system  block  diagram  in  Fig 
S.  If  the  impulse  responses  of  the  plant  and  the  error  path 
are  P  =  ’’  and 

Jfa  =  [/tSg.ASj,  .  .  respectively,  and  the 

coefficients  of  die  adaptive  filters  A  and  T  at  the  same 

instant  are  A„  =  (Sg  (n)  .a^in) . (n)  3  ^ 

and  Tg  =  [  tg  (n) ,  tl  (n) , . . . ,  (n)  ]  ^ 

respectively,  then  we  have:  (capital  letters  denote  vectczs  and  matrices  while  lower  case  letters  denote  scalars, 
for  vectors,  we  use  subscripts  to  denote  time  index  while  for  scalars  we  use  function  convention,Le.  f(n)) 

Xi(n)  =  X^P  and  x^{n)  =  XoA„  (12) 


rlguro  5  Combining  He(z)  into  P(z) 
and  Hs(2) 


where  =  [x(rj)  ,x{.n-l) ,  . .  .,x(n-W+l)]^ 
Define: 


Xjin) 

J^(n-l) 

x{n) 

x(n-l) 

x(a-l)  . 
x(n-2)  . 

.  .  X(JJ-W+1) 

x{n-N) 

II 

(13) 

x(n-/f+l) 

•  •  •  • 

.  .  x{n-2N+2) 

where  5„  is  used  to  designate  the  matrix  and  is  obviously  symmetric.  Then: 
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(14) 


xj  (n)  -  H,  =  a'  S„  h, 

x^  (jj)  *  Xi  (n)  +  Xj(n)  =  x/  P  +  a/  Sj,  H, 

x,(fl)  =  J^/r„  -  a/s,  r„ 

e(ii)  =  x^Cn)  -  XjCn) 

-  a/  S,  (  H.  -  r„  )  +  x/  P 


(15) 

(16) 

(17) 


Uierefore: 

fi[e»(n)  ]  =ffte’'(n)  e(n)  ]  -  B{  [  (  H/-r/)  S„  A„  +  P'  XJ  [a/  S„  (//.-T„)  +x/  P]  }  (18) 
=£:(  (t/  -  hJ)  s„  a„  a/  S„  (T„  -  H.)  1  -  2£I  {tJ-hJ)  s„  a„  x/  P  1  ♦  PtP’’  X„  x/  P] 

a)  For  the  modelling  process,  in  which  A  is  fixed  and  T  adapts,  let  V,  =  0 ,  we  have: 

Vr*2  r(S„  A  A’’  )  (r„-H,)  -2B{  S„  A  x/)  P  =  0  d*) 

if  [e(S„  A  A  ’■  S„)  ]  '^  exists,  then  we  have; 

T'  =  H8  *  [E(S^  A  A^  S„)  ]  -^  A  xj"]  P  (20) 

This  result  is  comparable  with  the  previous  one  obtained  using  Mason’s  law  [Eqo.2],  that  is,  the  Wiener 
solution  of  T  is  biased  from  Hs  by  an  unknown  part  related  with  P.  The  corresponding  minimum  MSE  is: 

£[e'(n)  ]^„=  £■(  (P^XJ^  -B[P^X^’'S„]  1  -^E[S^IP]  (21) 

the  coefficient  updating  equation  is  : 

rn.i=rn-pVr=  =  r„-p2e(n)^^ 

=r„+p2e(n)s^ 

which  is  the  ncxmal  LMS  algorithm,  with  input  signal  sequence  to  T  as  5A 
h)  For  the  noise  control  process,  in  which  A  adapts,  the  error  signal  is: 

e'(i7)  =X4  (n)  *A'SnHs*xJp 

therefore,  the  mean  square  errxx  is: 

ff[e»  (n)  ]  =£[e(n)  e’-(n)  ]  =El  {aJs^,*X^P)  ] 

=£[A/S^,h7s^„]  *2B[xJphJS^„]  *EIXJPP^X„] 

This  is  a  quadratic  function  about  A,  the  global  minimum  is  determined  by: 

Vjj=2£[S^/f/s„)A+2e[S^,P’'X„]  =0 

so  the  Wiener  solution  for  A  is: 


(24) 

(25) 


(22) 


(23) 
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A*=  IE(S^^JS„)  ] 


(26) 


the  coefficient  updating  equation  is  : 


i^ln) 

I*’a  -"n  I* - - 

=A„-p2e(n)S^, 


“An-P- 


(27) 


which  is  the  filteied-X  LMS  algorithm.  We  see  here  the  need  for  the  identification  of  Hs(z). 

IV.  DYNAMIC  PERFORMANCE  ANALYSIS  IN  FREQUENCY  DOMAIN: 

To  analyze  the  dynamic  performance  of  the  system,  we  use  the  approach  developed  by  Clarkson  [6],  which 
describes  the  LMS  adaptive  filter  by  a  transfer  function.  In  general  case,  this  is  only  an  approximation,  since 
an  adaptive  system  is  time  varying  tlius  can  not  be  described  by  a  transfer  function.  For  some  special  cases, 
including  the  periodic  input  case,  however,  the  2^-transforms  of  the  input  and  output  signal  become  independent 
of  time,  therefore  the  adaptive  system  can  be  described  by  an  equivalent  transfer  function.  From  this  function, 
we  can  study  the  stability  and  convergence  properties  of  the  adaptive  process.  In  this  paper,  we  will  give  the 
salient  points  of  this  approach  used  in  our  case  for  periodic  input  signals. 

Referring  to  Fig.5,  for  the  identification  process,  in  which  A  is  fixed  and  T  adapts,  the  updating  equation 
for  r„=  (  Co  (n)  ,  Cl  (n) ,  .  .  . ,  C„.i  (n)  ]  ^  is: 

(28) 

using  the  above  equation  iteratively  and  assuming  T(0)=0,  we  have: 

fio 


so  we  have: 


x.(n)=Tjx^  = 


n 

jj-l 


t.  ^  =1*^  [e(i)^x(i-j)x(/3-j) ) 


[e(i)hrr„i] 


(30) 


where  is  an  autocorrelation  estimate,  N  is  the  order  of  filter.  As  W-®, ,  will  be  the  actual 
autocorrelation,  for  which  for  periooic  signals.  So  if  the  filter  length  is  long  enough,  we  have: 

X5(n)=ph^  e(i)jr„.^  (31) 


and: 


e  (n)  =Xo  (n)  -Xj  in)  =  x^  (n)  -x,  (n)  -X;  {n) 

n-1 

=x(n)  *  P  -  x(n)  »  A  *  H,  -  e(l) 

n 

=x(n)  »  P  -  x(rj)  *  A  *  H,  ©(i)r„.j+  tiNz^ein) 


(32) 


where  denotes  convolution.  Rearranging  terms  and  taking  Z-tran$fotm  of  the  equation,  we  get: 
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(33) 


B(z)  _  P(z)  -A(z)  Hs(z) 
X(z)  l-liWro+tiKR(z) 


where  A(z)  is  the  Z-transform  of  the  autoconelabon  sequence  R  =  [r^,  .  .  . ,  ■ 

This  is  a  very  impottant  result,  since  it  describes  the  whole  adaptation  process,  the  dynamic  state  as  well 
as  the  steady  state.  At  first  sight,  it  aniears  contradictory  to  the  result  we  got  previously  [Equ.l].  The  reason 
fez  the  difference  is  that  the  former  one  is  the  Z-tiansfotm  of  the  enor  sequence  at  the  steady  state,  while  the 
cunent  one  is  the  Z-transfoim  of  the  whole  enor  sequence  starting  from  the  beginning  of  the  adaptation  process. 

Using  this  result,  we  can  study  the  stability  piopeily  of  the  system  by  studying  the  root  loci  as  p  changes, 
given  input  signal  (thus  given  R(z)).  We  can  also  study  the  convergence  property  of  the  system  by 
approximating  the  denominate  to  a  second  order  polynomial  of  Z  and  relating  the  damping  property  of  MSB 
to  the  pole  locations. 

Using  the  final  value  theecm  of  Z-transfem,  it  is  easy  to  see  that  e(°>)  -0.  So  for  periodic  input  signal, 
there  is  no  excess  mean  square  error  for  both  paths.  This  is  ideal  fe  the  parallel  path  difference  algorithm. 

To  analyze  the  effects  of  error  in  estimating  Hs(z),  we  use  the  results  fiom  Elliott[7].  To  further  simplify 
the  problem,  Elliott  et  aL  used  a  sinusoidal  signal  for  the  input,  so  that  the  effects  of  the  estimated  Hs(z)  can 
be  specified  by  Ae^.  After  some  involved  derivation,  the  following  result  is  obtained: 

E(z)  _ _ P(z)  [  l-2z  costoo-^z^] _ 

X{z)  x-2z  C08Oa+z*+-‘Y?fl,(z)  (z  cos(Ci»o-4)  -cos^) 


From  this  equation,  we  can  determine  the  effects  of 
the  estimation  error  of  Hs(z)  on  the  total  system 
performance. 

V.  SIMULATIONS  AND  DISCUSSIONS: 

Simulations  of  this  algorithm  for  nonfeedback  and 
feedback-present  cases  are  performed  with  some  simple 
transfer  functions.  We  let  the  initial  state  of  the  system 
be  at  optimal  state  so  that  the  noise  is  perfectly  canceled. 
Then  we  changed  Hs(z)  to  a  totally  different  one  and 
observed  the  performance  of  the  system.  When  we  do  not 
track  Hs(z)He(z)  at  all,  the  MSE  of  enor  signal  e’(n) 
diverges  as  in  Fig.6.  When  we  use  PPD  algorithm, 
tracking  of  Hs(z)He(z)  has  been  observed  in  all  but  large 
feedback  cases.  Fig.  7  shows  a  result  with  no  feedback  in 
which  Hs(z)  changed  to  another  function  such  that  we 
knew  our  Sth-order  adaptive  filters  Tl(z)  and  T2(z)  could 
still  identify  with  zero  MSE.  The  cases  with  feedback  are 
shown  in  Fig.8  and  Fig.9.  When  tracking  of  Hs(z)He(z) 
is  not  ideal,  i.e.  when  Tl(z)  and  T2(z)  are  not  flexible 
enough  to  adapt  themselves  to  make  MSB’s  of  el(n)  and 
e2(n)  zero,  the  error  signal  e’(n)  will  perform  as  in 
Fig.  10. 

Simulations  of  the  algorithm  using  measured  real 
world  transfer  functions  have  also  been  done.  The  results 
ate  similar  to  those  with  simple  transfer  functions  except 
that  the  excess  MSB’s  are  not  zero. 

From  the  simulation  results,  we  can  sec  that  the 
algorithm  works  very  well  for  nonfeedback  case  and 
works  fine  for  weak  feedback  (less  than  5%).  When  the 


CooTarMacc  of  USE  whan  tnefciiu  KaKa 
wiihl^  olforilhm;  wlthaul  loadhoek 


Figur*  7  Using  PPD  to  track 
Hs(z)He(z),  with  no  feedback 
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feedback  is  larger  than  S%,  however,  it  does  not  work 
very  well.  This  is  because  when  we  derived  the  equation 
to  calculate  Hs(z)He(z),  we  assumed  that  F(z)  was  very 
small  by  using  a  directional  speaker  at  the  canceling 
point  and  a  directional  microphone  at  the  input 
point  (otherwise  it  is  difficult  to  separate  the  unknown 
A(z)Hs(z)F(z)  term.)  If  F(z)  is  large,  we  need  to  derive 
some  other  equation  to  calculate  Hs(z)He(z),  which  is  not 
easy. 

VI.  CONCLUSION: 

This  paper  proposed  a  new  algorithm  to  identify  the 
error  path  for  filtetcd-X  algorithm  in  active  noise 
cancellation.  This  parallel  path  diflerence  algorithm  can 
be  used  in  a  more  general  system  identification  context 
when  the  plant  noise  is  closely  correlated  with  the  input 
signal  to  the  adaptive  filter. 
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ABSTRACT 

In  diagnostics  of  constructions  with  broken  integrity  (cracks, 
adhesion  failures,  etc. )  the  methods  using  nonlinear  phenomena  find  an 
increasingly  frequent  practical  application.  The  second  harmonic 
generation  mechanisms  are  best  investigated  but  the  real  processes  are 
more  diversified.  In  this  communication  we  report  on  the  experimental 
investigation  of  the  turbo-set  bearer  where  subharmonics  were  observed 
along  with  the  fundamental  frequency  harmonics.  This  allowed  the 
turbo-set  having  a  polyharmonic  vibration  spectrum  to  be  used  for  crack 
diagnostics  of  the  bearer. 


INTRODUCTION 

The  crack-type  defects  in  building  constructions  such  as  machine 
bearers  can  appear  both  at  the  building  stage  and  when  operated  because 
of  the  large  vibration  load.  Such  defects  can  strongly  modify  the 
strength  characteristics  of  the  bearers  and  increase  their  damage  in  some 
cases.  Therefore,  the  timely  diagnostics  is  the  first  element  in  the 
system  of  preventive  measures  for  longer  service  of  building  and  other 
constructions.  As  a  rule,  with  any  arbitrary  method  of  control,  the 
defects  are  revealed  by  Indirect  signs  (for  example,  by  time  delay  in  the 
pulsed  procedure).  The  task  of  the  researcher  is  to  choose  the  set  of 
indirect  signs  with  high  noise  protection,  udiich  are  best  suited  to  a 
particular  object  subject  to  control. 

In  this  communication  we  report  on  the  vibration  test  of  the 
turbo-set  Jaecwer  used  in  the  N.  Novgorod  heat-and-power  station.  In  the 
long-term  service  (over  30  years),  when  the  vibration  load  was  large, 
extended  cracks  formed  in  the  laearer  inter ier,  which  were  stopped  by 
sealing  with  a  synthet.c  binder.  Nean«^ile.  after  a  decade  since  the 
cracks  were  sealed  the  Increased  vibrations  at  some  sites  of  the  bearer 
made  it  necessary  to  control  the  sealing  quality  and  the  possible  crack 
development.  To  answer  these  questions  we  carried  out  a  series  of 
vibrational  tests  of  the  bearer.  It  was  found  that  the  cracks  in  the 
bearer  have  producev  t.he  nonlinear  phenomena  which  can  Ice  used  as  cracks 
attributes  for  the  diagnostic  purposes. 
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EXPERIMENTAL  PROCEDURE 

The  vibrations  of  a  bearer  (20  n  in  length.  6  a  in  width  and  8  n  in 
height  )  were  investigated  both  when  the  turbo-set  (25  MW)  was  operated 
and  run-out  and  when  the  bearer  vibrations  were  excited  (with  the 
turbo-set  switched  off),  successively  at  several  points,  by  a  linearly 
tunable  harmonic  forse  (50  newtons)  produced  by  an  electrodynamic 
vibrator. 


crack 


Figure  1. 

Figure  1  shows  the  scheme  of  a  bearer  with  vibration  receivers 
(accelerometers)  mounted  at  fixed  Mints;  the  signals  from  the  vibration 
receivers  were  processed  cogerentiy.  In  the  case  of  artifical  excitation 
we  determined  the  induced  vibration  Vki,  vdiere  Vm  is  the  vibrational 
velocity  at  point  1  from  an  external  forse  F  applied  to  point  Ic  (V  and  F 
are  complex  quantities).  The  matrix  of  transfer  functions  Ynm  was 
calculated  in  the  frequency  range  20-150  Hz  (n  is  the  number  of  the 
receiver  and  m  is  the  number  of  the  excitation  point).  The  components  of 
the  Yn*  matrix  are  given  by 

Yki  =  Vki/Fk  ,  (1) 

where  Yu  is  the  transfer  admittance.  The  external  force  frequency  (u) 
was  varied  linearly 

u  =  ui  +  q't  (2) 

(fere  q  is  the  proportionality  coefficient  that  describes  the  rate 
of  frequency  variation,  ui  is  the  initial  frequency  of  the  operating 
range  and  t  is  time. 

When  the  monolithic  part  of  the  bearer  (the  domain  far  from  the 
cracks),  the  vibrovelocity  spectrum  Vim  coincided  with  the  spectrum  of 
the  driving  force  Ft  (Figs.  2a, b).  At  other  points  of  the  construction, 
at  a  given  Fk,  the  vibrosignals  were  insufficient  to  be  detected  against 
the  noise  bac)cground. 

When  the  point  at  which  the  external  force  was  applied  was 
transferred  from  the  monolithic  part  of  the  bearer  to  a  domain  containing 
cracks,  the  admittance  Yu  increased  and  the  spectrum  composition  of  the 
vibrations  was  enriched  at  point  1  and  other  points  of  the  construction, 
where  the  signal  was  distinguished  against  the  noise  background.  As  a 
result,  harmonics  appeared  In  the  vibroslgnal  spectrum;  the  harmonic 
generation  effect  is  used  in  the  nonlinear  diagnostics,  for  crack 
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detection  for  example.  Moreover,  in  the  vibrosignal  spectra  of  the 
sensors  located  near  the  cracics  we  observed  the  appearance  of 
subharmonics  as  the  excitation  frequency  approached  the  resonance 
frequencies  of  the  construction  (Fig.  2c).  The  localization  of 
subharmonics  near  the  cracks  indicated  that  the  excitation  of 
subharmonics  is  stimulated  and  the  resonances  of  the  construction  enhance 

From  Fig.  2c  it  follows  that  the  subharmonic  level  is  sufficient  to 
use  this  effect  as  a  diagnostic  sign  of  presence  and  localization  of 
crocks. 

The  use  of  the  appearance  of  subharmonics  in  the  vibroresponse 
spectrum  as  a  diagnostic  sign  makes  it  possible  to  use  polyharmonic 
sources  for  the  excitation,  for  ex^le,  the  turbo-set  itself  in  the 
run-out  regime.  Besides,  the  dynamic  force  from  the  turbo-set  is  mostly 
sufficient  for  this  effect  to  be  manifested  in  the  bearer  irrespective  of 
the  crack  location.  As  an  illustration.  Fig. 3  shows  the  spectrum  of  the 
bearer  vibrations  in  the  crack  region,  udiich  was  obtained  during  the 
run-out  of  the  turbo-set.  Figure  3  clearly  shows  the  vibrations  in  the 
frequency  range  u=3/2 •<■)«,  where  ««  is  the  lower  frequency  of  the 
vibration  source. 

The  assumption  of  the  parametric  nature  of  the  vibration  spectrum 
enrichment  has  made  it  possible  to  define  the  characteristic  thickness  of 
the  cracks  from  the  time  the  nonlinear  phenomena  appear  in  the  vibration 
response  when  the  exciting  force  level  is  changed. 


Figure  3. 


SUMMARY 

1.  Analysis  of  the  transfer  matrix  on  the  basis  of  the  subharmonic 
generation  effect  permitted  to  reveal  the  crack  and  localization  in  the 
bearer  interior,  and  the  excitation  levels  at  which  the  nonlinear 
distortion  appeared  in  the  response  permitted  the  defects  to  be  measured. 

2.  The  possibility  of  using  the  vlbroactlvity  of  the  mechanisms, 
when  operated,  for  moniiorlng  the  state  of  the  building  construction 
(bearers,  dikes,  bridges, etc. )  on  the  basis  of  the  subharmonic 
generation  effect  is  demonstrated  in  practice. 
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ABSTRACT 

Acoustic  charartorisi  ic?  cf  t'«ns  a.ion?  ''ilh  ihcir 
c-haraotcrist  ics  aro  essential  factors  that  d*»terinin«'  *hoir 
D^Tformance .  Acoustic  and  aerodynamic  t«^sts  '•ondui'te^l  nvraiiy  call  for  u^o 

'■'f  spocialized  sound-i  'voi  measuring  f-ha'nhrTv. 

AchievofUf^ul in  soutul  raak»:-  it  possibi*'  ‘o  measum  ^'Vtst  jr 

power  direct  ),'■  on  th*’  .''r-r'wiyt.nmir*  ♦osi  rit;^  UTx.i^r  c..»iifii t  Ion'**  of  ••pr'orhorapt  Ti<^is**. 

In  Mu«  i  M -VM  »  » <,,,  >  jj,>  :pli‘  ‘'f  m'acMrinu'i)!  C  ot  r««N.u?fir  nower  of  fuic 

i ..  n!«*n'‘Ti  <  liamber  afuj  jtc  hardw.'n»*  jittiO'mfv*''*  ion  r/*pnrt»>fi. 

”^.10  '’CSHJts  <'f  ar-ot|v.t  •  •  mr»!>«it»-o*Uf’n'  c  PImH,'  on  f^.f Soiirce  of  ’^oi.nid 

and  modo  i  CnTi  i t  h»'  ‘vorl  The  1  coiin  iu”*'  oaji.Hhl,'  t'or  measuroBient 

i)f  nri  n<  «*f»il  ‘Ti  i  ho  hark’'.round  <:'f  rev«Ther'’nt  noise  in  the  r'an.'-’o 

■>f  '■'•IK  rreritto^'" i r.y , 

vovifvri  \Ti'pf 

I  -  i  n t ‘■•ns  i t y W/M*  ’ 

Tn  =  Tf)***  w/M*  -  9r>f .•>T'e»*oo  fjuaiitity  of  '?onnd  inteii’^it^'* 

f  ”  Fr<*'inr>n.~’- .  • 

T  =  ini’'T''To)  -  Sound  inton«sity  loveKdB' 

r  =  Vniff(?/Po)  -  Sound  pressure 

1.  =  inii.5(W/Wo}  -  Sound  powor  level, dB; 

I.  =  1/N  §  tpi  '  Mean  sound  pressure  level, dBl 

N  -  Number  of  mensnrjny  points; 
r  Sound  .  S'/M  ; 

pn  =  v/M*  -  pefpfence  qnantitv  of  ^nnnd  pressure; 

P  =  yisr  -  Root-mean-sriuare  of  sound  pre«;<;urp ,  N/M*  ; 

V  =  X(t  )rlt  ; 

S  -  Mpa‘iMronient  surface,m* 
t  -  Time,  s ; 

y  -  Partible  Joe  1 1  y ,  m/s  ; 

W  -  Sound  pr*wer,W; 

Wo  =  10*^  w  -  Reference  quantity  of  sound  power; 

<3l  =  '0yN  f  f  f  1  -  Gl*  -  Roo'-mean-squar.?  dispersion  of  aoiind  pressure  ievei.dB; 

1*1 

i  -  Current  number  of  measurement; 
n  -  Component  normal  to  the  moasureneni  surface; 

♦  -  Cnnjug;«t^'  value. 
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INTRODUCTION 


Acoustic  chAracteri st  ics  ot*  tans  are  very  i»fM.^rtant  and  determine  their  quality 
along  witti  reliability  and  economy.  The  demand  of  low  noise  ia  one  of  the  most 
important  in  the  competition  ability  of  new  technique  products.  As  a  criterion  of  low 
noise  the  sound  power,  radiated  by  the  fan  during  its  work  is  used. 

The  traditional  methods  and  rigs  for  experimental  defining  of  sound  power  are 
well  worked  out  and  realised  in  standards  now  But  in  spite  of  the  fact  that 
traditional  methods  of  defining  sound  power  are  based  on  simple  apparatus  tor 
acoustic  measurements,  the  great  expenditures  of  time  and  money  are  needed  for  the 
building  of  sound  measuring  chambers. 

Moreover  it  is  useful  and  iBfw^rtant  to  check  acoustic  characteristics  of  fans  and 
to  provide  their  aeroacoustic  parametric  analysis  during  the  working  out  of  new  advanced 
aerodynamic  schemes. 

The  modern  actiievements  in  the  field  of  experimetd.a i  sound  intensimetry  open  the 
wide  posibilities  for  solutions  of  a  series  of  research  and  industrial  acoustic 
problems  [3,4,^]. 

Therefore  it  seems  perspective  the  working  out  of  techniques  for  measuring  trie 
sound  power  of  fans  in  parallel  with  their  aerodynamic  tests  on  the  aerodynamics  test 
rigs,  that  is  the  combination  of  aerodynamic  and  acoustic  tests. 

This  work  offers  the  possibility  to  carry  out  acoustic  tests  of  fans  in  the  plenum 
chamber  of  the  aerodynamic  test  rig. 

AERODYNAMIC  TEST  PIC  AND  ITS  ACOUSTIC  CHARACTERISTICS 


The  measurements  of  fan  aerodynamic  characteri^^t  ics  are  made  in  the  cylindrical 
plenum  chamber  of  thick  steel  (Fig.l),  having  diameter  and  length  about  'dm,  according 
to  standards.  The  chamber  is  provided  with  a  smooth  input  channel  and  with  a  choke 
valve  in  it,  honeycomb  and  grids  for  turbulence  surpression.  The  fan  is  connected  with 
the  output  opening  of  the  chamber.  The  whole  plenum  chamber  is  ax isymmet ricai . 


Fig.l. The  system  for  measurement 
of  sound  field  in  plenum  chamber: 
l-generator;  2- loudspeaker ; 

3- array  of  intensity  probes; 

4- reduct nr;  S-coordinate  system; 
K-intensimeter  with  multiplexer; 


The  chamber  is  not  adapted  to  the  sound  measurements  and  it  could  be  acoustically 
improved  for  the  measurements  at  freq«#*ncies  above  1  kHz  with  well  enough  accuracy. 
But  it  is  necessary  to  conduct  sound  measurements  at  least  from  the  frequencies  of 
about  100  Hz  during  the  aerodynamic  tests  of  fans,  when  the  noise  is  low  frequency 


one  In  the  Min. 

The  standard  sound  power  aeasureBent  techniques  suppose  the  placing  of  checked 
sound  source  tested  into  the  anechoic  chaaber  (free  field)  or  reverberant  chaaber 
(diffused  field).  The  choice  of  neasureaent  technique  is  detemined  br  the  field 
characteristics . 

The  Investigations  were  carried  out  for  clearing  up  the  correspondence  of  plenua 
chanber  sound  field  to  reverberant  or  free  field  conditions  where  conducted. 

A  wide  band  noise  source  was  installed  at  the  chaaber  in  place  of  the  fan  (Fig.l), 
and  sound  pressure  aeasureaents  were  conducted  in  the  octave  frequency  bands  at  the 
points  on  the  halfspbere  surface  with  the  radius  S=0.T5  Sicentered  by  a  loudspeaker.  The 

nunber  of  neasurenent  points  was  Ns20U  for  every  frequency  band. _ 

The  statictical  analyses  of  neasurenent  results  gave  nean  Lp  and  root-nean-square 
pressure  levels  in  octave  frequency  bands,  and  also  gave  the  bargraphs  of  pressure 
distribution  onto  the  neasurenent  surface  of  halfsphere  (Fig. 2).  The  bargraphs  are 
Bade  with  the  aethod  of  rectangular  "contributions.” 


Fig. 2.  Statistical  and 
theoretical  distribution  density 
for  sound  pressure  on  the  surface 
of  neasvring  sphere  in  the  pienun 
chaaber. Central  octave  frequency 
500  Hz 


The  theoretical  and  statictical  distribution  fron  the  point  of  view  of  their 
SBoothing  was  perforned  according  to  Ronanovsky  ruie  [61  showed  a  good  agreenent  with  th* 
type  1  distribution  for  nininua  values  [7]; 


f(Lp)-1/0,  exp{[(Lp-M,)/OtJ-exp((LrMi)/Oi]}  .  (i) 

where  Ot-0^/i283;  Mi-Lp*0.577  -  the  distribution  paraaeters. 

The  character  of  distributions  confiras  a  significant  pressure  level  dispersion  on 
the  surface  of  neasureaent  sphere  in  the  plenua  chaaber  for  all  octave  frequency  bands. 
Thus,  the  root-aean-square  dispersion  of  pressure  ievel  is  within  the  iiaits  of  3  -  5.6 

dB  for  different  octave  bands.  The  root-aean-square  dispersion  shouid  not  exceed  1.5  dB 
for  the  reflected  field.  At  the  sane  tine  the  character  of  chaaber  space  pressure 
distribution  shows  the  presence  of  reflected  waves  and  cannot  be  explained  froa  the 
point  of  view  of  a  free  fieid  sound  source. 

Hence,  the  aeasureaents  of  plenua  chaaber  sound  field  and  the  consequent 
result  analysis  show,  that  the  chaaber  field  is  neither  free  nor  reverberant.  The 
application  of  standard  aethods  of  fan  sound  power  aeasureaents  in  the  pienua 
chaaber  is  iapossible  without  its  speciai  aodernization. 

EXPERIMENTAL  TECHNIQUE  AND  MEASUREMENT  SYST0I 

The  vector  of  sound  intensity  characterizes  the  rate  of  sound  energy  flow  at  a  point 
of  space.  Therefore  it  is  necessary  to  know  the  distribution  of  the  nomai  coaponent  of 
acoustic  intensity  vector  active  part  on  the  surface,  enclosing  the  source,  in  order  to 
deteraine  its  sound  power  [5].  Then  the  sound  power  of  the  source  inside  the  neasureaent 
surface  is 


W -(|)Re(ln)dS  .  (2) 

- •“  s 

where  In"  pVn  . 

The  intensity  aethod  of  sound  power  neasureaent  has  soae  advantages  the  nain  of  which 
are  the  possibilities  of  asking  aeasureaents  at  the  place  of  utilization  of  the  studied 
sound  source  (in  situ)  and  in  the  presence  of  significant  background  noise,  exceeding 
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the  ysefui  source  level.  The  iaportiuit  advsntsge  of  this  aethod  consists  in  its 
siaplicity. 

The  posibllity  of  using  intencity  aetbod  for  aessureaents  power  of  sound  source  in 
the  presence  of  high  levels  of  background  noise  is  due  to  the  energy  flux  throw  the 
surface.  The  integral  of  the  noraal  coaponent  of  sound  intensity  throw  the  surface  S 
without  any  sound  sources  inside  is  equal  to 

(J)Re(In)dS-0  .  Vi) 

3 

The  expression  is  true  if  there  is  no  power  absorption  inside  the  aeasureaent  surface. 

Expressions  (2)  and  (3)  are  also  true  if  the  sound  source  is  on  an  ideally 
reflecting  surface  and  is  surrounded  by  the  aeasureaent  surface  closing  on  it. 

To  define  practical  application  possibilities  of  this  aethod  it  was  necessary  to 
clear  out  its  abilities  under  plenua  chaaber  conditions  on  a  specific  aeasureaent 
systea  and  to  evaluate  the  aeasureaent  accuracy. 

The  aeasureaent  systea  was  based  on  a  two  aicrophones  intensiaetry  probe  and  a 
finite  difference  scheme  for  practical  velocity  definition. 

T  cp.^pi)  1  r(P<-p«)  dt 
2  f! 

It  consisted  (Fig.l)  of  H  -  10  intensity  probes  array  in  the  fora  of  1/4  part  of  circle 
with  the  radius  of  .75  n  connected  through  a  aultiplexer  with  an  analogue  intensiaeter, 
type  INAC-201  Metravib  coapany  (France).  A  traverse  device  provided  antenna  rotation 
around  the  system  syaaetry  axis  for  obtaining  the  measurement  half  shere.  A  personal 
computer  provided  the  traverse  device  control,  cyclic  probe  switching  at  the  continuous 
traverse  device  movement,  inforaation  aqusition  from  the  intensiaeter,  its  secondary 
processing  and  measurement  results  display. 

The  measurements  were  performed  in  octave  bands  of  125,250,500,1000,2000,4000  Hz 
central  frequency. 

In  the  course  of  measurements  every  intensity  probe  moved  along  its  own  circle. 
If  the  movement  trajectories  are  central  lines  of  sphere  segments  the  surface  areas  of 
wihich  are  equal  and  the  intensity  measurements  by  each  probe  are  carried  out 
discreately,  then: 


5S=  i  TT  r*/  N  -  surface  area  of  the  measurement  sphere  with  radius  -  r  for  one 
discrete  intensity  measurement. 

MEASUREMENT  RESULTS 


The  measurements  were  performed  in  two  stages.  First  the  accuracy  was  evaluated 
using  model  sound  sources.  Fig. 3  presents  the  results  characterizing  sensitivity  of 
the  intensimetry  method  of  acoustic  source  power  measureaents  to  the  background 
noise  effects.  The  measurements  were  carried  out  in  an  anechoic  chamber  with  the 
help  of  intensity  measurement  system  (Fig.l). 


Fig.  3.  The  error  of  sound  power 
measurements  using  intensity 
net  hod 


the  expression  (5) 


Abscissa 
in  the 


The  source  power  was  defined  according  to 
expresses  relations  of  the  noise  pressure  Pi«  and  the  useful  signal  Pc 
measurement  point  (Fig. 4),  ordinate  axis  shows  the  difference  A  Lw  between  the 

power  level  Liw  measured  under  background  noise  conditions  -and  the  power  level 

Low  "  without  noise,  i.e. 


“  Llw"  LOv,/ 
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Fig. 4. The  syste*  for  .study  the  background  noise  infiuence  on  the  intensiaetry 
■ethod  of  sound  power  Beasiirenent ;  1-generator;  2-power  anplyfier  ; 
3,4-ioudspeakers:  5-Beasure«ent  system  (Fig.l) 

According  to  data  In  Fig. 3  the  intensiaetry  aethod  gives  the  possibility  to  define 
the  acoustic  source  power  in  presence  of  background  noise  exceeding  the  useful 
signal  by  10  -  15  dB  with  sufficient  accuracy. 

Fig. 5  gives  the  results  of  acoustic  power  aeasureaents  of  a  aodel  noise  source 
in  an  anechoic  chaaber  and  in  a  plenua  chaaber  of  aerodynamic  rig  using  the 
intensimetry  method.  The  eiectrical  power  supplied  to  the  sound  source  during  these 
aeasureaents  was  controlled  and  kept  fixed.  Acoustic  conditions  in  the  anechoic 
chaaber _and  plenum  chamber  were  essentially  different.  Thus  in  Fig.b  there  are  given 

mean  Lp  and  root -mean-square  values  of  the  sound  pressure  during  the 

measurements  in  the  anechoic  chamber  and  plenum  chamber  for  octave  bands  of  the 
analysis.  These  data  indicate  an  essential  exceedence  of  the  sound  pro  sure  iu  i he 

plenum  chamber  over  the  sound  pressure  in  the  ane'.tt/.je  rhamlier.  Rnet -ni''-iri-sfiu.are 

dispersion  of  pressure  distributions  it*  the  nrums  .u-'.i'u.c-r  l.-.  le...s.  t^  n-o.-es  ti,  . 
pressure  equalisation  in  the  nie>)um  chamber  »  ■  '  ' '•/  '...j.u.u  .'f  ret*i,..-i  :  ...  rr.^m  t  t.p 

hard  wai is. 
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■easureaent  results  differs  not  sore  than  by  1.5  dB  (Fig. 5)  and  this  provr,  high 
accuracy  of  intensity  aeasureaents. 

The  aeasureaents  in  the  pienua  chaaber  showed  that  the  sound  field  pressure  - 
intensity  index  Lp  -  Lj  on  the  aeasureaent  surface  for  all  the  octave  bands  does 
not  exceed  10  -13  dB.  This  fact  confiras  the  possibility  of  the  intensiaetry  aethod 
application  in  this  case. 

Fig. 7  gives  the  acoustic  power  aeasureaent  results  for  a  centrifugal  fan  1114-46 
in  the  pienua  chaaber  at  the  revolution  nuaber  nl=6UU  rev/ain  and  n2=7U0  rev/ain. 
The  character  of  the  variation  of  the  acoustic  power  level  radiated  by  the  fan  with 
the  variation  of  the  revolution  nuaber  of  the  fan  iapeller  corresponds  well  enough 
to  the  data  of  [B]  where  criteria!  equations  of  the  acoustic  power  of  fans  are 
presented. For  coaparison,  Fig. 7  gives  the  experiaentai  results  of  fan  1114-46  noise 
investigations  for  the  revolution  nuaber  700  rev/ain  from  the  work  [9].  The 
agreeaent  seeas  satisfactory. 


Fig. 7.  Octave  bands  acoustic  power 
of  centrifugal  fan  1114-46. 
Intensiaetry  aethod 
-  -  work  [9] 
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The  investigations  described  in  this  work  peraitted  to  draw  the  following 
conclusions: 

1.  The  statistical  analysis  of  pressure  level  distibutions  in  the  pienua  chaaber  of 
the  aerodynaaic  rig  at  the  radiation  of  broad-band  noise  into  it  showed  that  the 
acoustic  field  of  the  chaaber  is  not  free  and  reverberant  therefore  the 
standardized  aethods  of  fans  acoustic  power  aeasureaents  in  the  pienua 
chaaber  of  the  aerodynaaic  rig  proves  to  be  lapossible. 

2.  The  intensiaetry  method  provides  acoustic  power  aeasureaents  of  the  source  under 
conditions  of  the  aerodynaaic  rig  in  the  low  frequency  range  beginning  froa  the 
octave  band  135  Hz  in  the  presence  of  background  noises  exceeding  the  useful  signal 
by  10  -  15  dB.  The  aeasureaent  accuracy  is  within  1.5  dB. 

3.  The  developed  aethod  and  autoaatized  aeasureaent  systea  provide  the  coabination 
of  aerodynaaic  and  acoustic  aeasureaents  in  the  course  of  tests  in  the  aerodynaaic 
rig. 
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ABSTRACT 

The  transfei  function  (TF)  can  be  thought  of  as  a  stodiastic  process  on  die  frequency  axis  due  to 
random  occurrences  of  poles  and  zeros  in  the  complex  frequency  plane.  This  paper  describes  the 
pole-  spacing  statistics  of  the  TFs  based  <»  the  random  matrix  theory,  and  shows  that  the  zeros 
distribute  following  a  Cauchy  distribution  in  the  complex  frequency  plane.  The  trend  and  fluctuations  of 
the  accumulated  phase  is  also  analyzed  using  the  group  delay  which  is  the  first  derivative  of  the  phase. 
Inverse  filtering  for  waveform  recovery  in  a  teveiberant  space  is  mentioned  as  an  important  example  on 
machinery  diagnostics  based  on  the  TF  statistics. 

1.  INTRODUCTION 

The  control  of  acoustical  systems  require  signal  processing  methods  that  take  the  complexity  and 
variability  of  their  transfer  functions(TFs)  into  account.  We  look  for  certain  stable  characteristics  in  the 
statistical  properties  of  the  TFs,  which  may  be  represented  by  thousands  of  poles  and  zeios(l}. 

The  TF  can  be  thought  of  as  a  stochastic  process  due  to  random  occurrences  of  both  the  poles  and 
zeros  of  aTFIl](21[3].  Sclitoeder[4][5]  measured  the  normal-frequency  spacing  distribution  of  arectangular 
electromagnetic  cavity.  For  large  normal-frequency  separations,  the  exponential  Poisson  distribution 
appears  to  be  however  for  smaller  sepaalionB  bis  results  (fid  not  give  an  exponential  deocase,  but 

rather  a  distributioa  with  a  maximum  at  a  fretpiency  spacing  that  was  different  from  zero. 

Work  since  the  early  1950's  on  the  distribution  of  energy  levels  in  complex  nuclei  has  a  bearing  on 
dis(nissions  of  normal-fieciuency  pacing  a«tisrir«  in  acoustics[3].  hr  1957,  Wignertfi]  showed  thecsetically 
that  2*2  matrices  had  eigenvalue  separation  following  Raylei^  distribution  rather  than  Poisstm 
distributitn.  And,  recently,  Davy  (7]  and  Weaver  [8]  experimentally  confirmed  that  die  resonanoe-fietjuency 
spacing  follows  the  Rayleigh  distribution  in  a  large  reverberatitm  room  and  in  elastic  vibranons, 
respectively.  The  authors  ilhistrate  the  transiticxi  from  the  Poisstxi-  to  Rayleigh  distributicxi  of  die  spatnngs 
based  on  the  Wigner's  random  matrix  theory  [9]. 

The  poles  are  distrihuted  along  the  pole-line  following  a  Poisson-like  distribudcxi;  however,  the  "clixid" 
of  zeros  is  distributed  two-dimenskxially  throughout  the  complex  fretpiency  plane.  In  this  paper,  the 
authors  introduce  a  Cauchy  distribution  function  into  die  cloud  of  zeros,  and  we  analyze  the  statistical 
propetties  of  the  accumulated  phaadlO,!!].  Invetae  filtering  in  a  revetheiaid  apace  la  aiao  nwitioned,  aluoe 
source  waveform  recovery  is  m  important  issue  on  machinery  diagnostics  based  (»  the  TF  statistics!  1]. 
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2.  POLE-SPACING  STATISTICS 


Periiaps  Wente's  fapei[l2]  is  the  earlksi  scieniiiic  lepon  in  which  the  nnsmission  inegulaiity  in  a 
room  was  considmed  as  a  statistical  process[3].  BoltI2]  exinessed  the  transmisaon  inegulaiity  introducing 
a  Poisson  model  which  is  an  exponential  distribution  into  the  nonnal-fioequency  spacing  statistics.  The 
eigen  fiequencies(poles)  of  a  rectangular  room  (Lx,  Ly,  Lz  )  with  rigid  boundaries  is  given  by 

<»iiM  =  (e*/L)V(l  !  af  +  im  /bf  +  in  Icf  (rad/s)  (1) 


where  e  denotes  Ae  sound  speed  (m/s),  l,m,n  are  integer  numbers,  the  length  of  the  sides (m)  are 
Lx  =aL,Ly  =bL,  Lz  =  c  L,  and  a,  b,  c  shows  the  roio  of  the  lengths.  The  pole  occuiring  process 
is  not  stationary,  since  the  density  of  the  poles  in  a  unit  frequency  interval  (tu )  (s  i/D,  D  ;  avenge 
pole-separation)  increases  in  ptopottion  to  the  square  of  the  frequency.  Thus,  we  nonnalize  the  pole 
distribution  by  the  pole  density  in  every  fiequency  interval  of  interest.  The  frequency  interval  beccnnes 
shoit,  as  the  frequency  increases,  so  that  all  the  intervals  of  interest  have  an  e^ial  number  of  poles. 

Figure  1  illustrates  the  histogram  for  the  pole-spacing  distributions.  We  can  clearly  see  the 
exponential  distribution.  The  upper  pan  of  the  gnqih  shows  an  ensemble  average  over  16  frequency 
intervals  all  of  which  contain  200  poles.  The  lower  data  are  sanqtles  for  Ae  distributions  obtained  in 
several  frequency  intervals. 

Schroedei's  experimental  data(4]  in  an  electromagnetic  cavity,  however,  illustrated  that  the  Poisson 
disttilntion  is  not  adequate  for  small  frequency  separations.  The  tendency  for  the  small  frequency 
separarions  to  be  less  probable  can  peAtq»  be  explained  by  considering  effects  of  petturhationsO]. 
Groups  of  modes  that  may  have  degenerate  eigen  frequencies  will  suffer  a  splitting  of  the  eigen 
frequencies  A  the  pieseaoe  of  peituibations  m  practical  acoustical  ^>aoes  and  stiuctuie$[13]. 

The  effects  of  Ae  peitnrbatioas  on  Ae  modal  spacings  can  be  approximately  estimated  by  coupled 
medianical  oscillaion(3].  reference  to  Hg.2,  the  tnasses  and  siting  constants  of  the  two  oscillators 
are  and  A,,  A,  respectively,  and  the  coupling  spring  constant  is  A„.  The  "eigen  matrix  £"  for 

Ae  eigen  frequencies  is  written  as 


(£)  =(£,)  +(£p)  = 


0 

0 


(2) 


where  a>\=iK\l  bt  i,  b  and  c  A  Eq.(2)  above,  matrix  E, 

has  Ae  eigen  frequencies  of  two  "independent"  oscillators  and  matrix  iqnesents  the  coupling  effects. 

The  eigen  frequencies  of  die  coupled  oscillators  are  given  by  positive  square  roots  of  die  eigen 
values  ^1  and  2^  of  the  matrix  £.  We  are  now  Aterested  A  Ae  statistics  of  the  spacings.  This  A 
because  the  perturbation  caused  A  a  practical  acoustic  qiace  like  an  irregularly  du^ed  room  results  A 
the  random  coupling  between  adjacent  inodes(14].  We  can  assume  that  the  modal  coupling  randomly 
varies  as  the  frequency  changes.  Following  Wignei's  random  matrix  dieoiy[6,9],  suppose  that  the 
elements  b  and  c  of  matrix  are  mutually  Adqiendent  Causdan  variables  wAch  have  standard 
deviation  of  a  The  pacing  of  tte  two  eigen  freqoeodes,Ssd  tv  =  V^-V^,  can  be  written  by 


S*  =(da>)*=  0)1*+  oh*  +  b*  +  c*  -2Vla)i*  +  b*M®4*  +  c*)-b*c*  -b*  +  c*  (3) 


as  obeoomes  tnnch  larger  than  mi  nd  ub-  Ihe  random  vaiiabte  of  dm  A  a  positive  square  root  of  die 
squared  sum  of  the  two  Adqiendent  Gaussian  variables.  Conaequemly.  Ae  spacing  between  two  eigen 
frequencies  A  dAeribaied  fiillawAg  a  Ibqrleigh  dAtribution  as  Ae  penurbatfam  becomes  huge. 

Hgnre2  illuanaAs  the  transition  of  the  spacAg  hiatognans  from  a  Poisson  dAtribution  to  a  lUqrleigh 
distribution.  We  produced  randomly  5000  pahs  of  two  eigen  frequencies  whose  qiacAgs  follow  the 
PoAson  dAtrSadion,  uAen  Ae  cotqriAg  effect  A  nodting.  The  random  cotqdAg  parameten  b  and  c 
boA  of  which  have  zero  mean  vaAe  me  oontnOed  by  diangAg  the  standard  deviation  a .  We  arenmed 
that  o  beconei  lame,  as  the  effects  of  Ae  ootqdAg  A  strong.  We  can  see  thtt  die  modal  spacAg 
Aitiibmea  following  die  Rayleigb  dAtiibotion,  as  teiinodsi  coujdAg  becomes  large. 
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3.  THE  DENSITY  FUNCTION  FOR  THE  CLOUD  OF  ZEROS  AND  PHASE  TREND 
3.1  Modal  Expansion  of  a  TF 

The  modal  expulsion  of  a  transfer  function  widi  source  at  X,  and  observer  Xo  iagiven  by 

H(ea)  =  const  I - -  (4) 

tn  (ai-  0)m-JSn^io>+  “ta-f  ^ 


where  I'm  are  mode  shapes,  a>= 2  xf  ,  /  is  the  feequency  in  Hz,  oim  are  the  undamped  resonance 
(radian)  feequencies.  The  poles  of  this  function  are  at  fi>=±<qa-i-y  If  we  assume  that  the 
reverberation  time  T^- 6.9  /  Sm  is  the  same  for  all  modes  ( S^),  then  the  poles  lie  along  a  straight 
line  at  a  distance  So  =  6.9  /T,  above  the  teal  fiequency  line  (Fig.  3). 

The  poles  distribute  on  the  pole-line  following  a  Poisson-like  distribution  as  stated  in  the  previous 
section;  however,  the  zeros  lie  two  dimensionally  throughout  the  complex  fiequency  plane.  When  the 
observer  is  in  the  reverberant  field,  the  number  of  zeros  on  the  pole-Une  is  about  half  the  number  of 
poles[lS,  16].  If  the  mode  shape  functions  are  real,  and  the  pole-line  is  as  shown  in  Fig.3,  then  by 
symmetry  the  remaining  zeros  ate  evenly  distributed  above  and  below  the  pole-line,  which  means  that 
1/4  of  diem  are  below  the  pole  line.  The  portion  of  these  zeros  below  the  pole-line  that  are  also  below 
Che  real  fiequency  axis  are  non-minimum  phase  zeros,  and  these  zeros  generate  the  reveibeiam  phase  pan 
of  the  total  phase  delay  between  source  and  observer. 

■2  The  Density  Function  for  the  Cloud  of  Zeros  f  101 

We  will  consider  die  TF  fora  reverberant  field  to  be  a  random  process  in  the  complex  fiequency 
domain[3].  Following  Rice's  random  noise  theory[17]  and  Schroeder's  "Frequency  Auto-correlation 
Function"  of  a  TF[18],  if  the  real  and  imaginaty  parts  of  a  TF  can  be  considered  statistically 
independent,  then  the  density  of  the  TF  zeros  should  be  proportional  to  the  squared  inverse  of  the 
disimoe  fiom  the  pole-line  in  the  complex-fiequency  domain.  Such  a  hyperbolic  type  of  density  function, 
however,  cannot  give  the  total  number  of  zeros,  because  such  a  distribution  function  will  divetge  close  to 
the  pole-line.  WetherefcHe  postulate  diat  the  zeros  are  distributed  in  a  cloud  around  die  pole-line  with  a 
dependence  on  die  distance  normal  to  the  line  defined  by 

p(/j)  =  -iyjL  (5) 

1+4^9 

where  P^dx/D  ,  D  -  1/  n,(a})  is  the  averaged  poL  spacing,  and  n^<o)  is  the  modal  density. 

In  order  to  test  the  ideas  presented  above,  we  have  carried  out  a  series  of  measurements  of  the  TF 
of  an  86  m’  room  with  a  reverberation  time  1.8.  sec.  in  the  S(X)  Hz  octave  band.  The  measurements 
were  performed  at  different  distances  of  the  microphom  firom  the  loudspeaker,  and  we  have  calculated  the 
"averaged"  number  of  zeros  in  4TFs  in  the  reverbnam  fields.  The  method  for  zero  counting  is  explained 
in  Ref.[10].  Hguie4  shows  the  experimental  airangements  ^  die  inqiulse  response  measurements.  The 
averaged  number  of  zeros  below  the  test-fiequency-line  in  the  lower  half  plane  is  illustrated  in  Rgure  5.  The 
result  clearly  demonstrates  that  the  distribution  of  zeros  follows  the  solid  line  which  decreases  following 
Cauchy  distribution  by  Eq.(5).  The  total  number  of  non-minimum  phase  zeros  below  the  real  fiequency 
axis  is  48  at  S(X)  Hz  octave  band  following  Eq.(5). 

.3  Accumuhaed  Reverberant  PhasellS.  161 

The  accumulated  phase  can  be  determined  by  bodi  the  poles  and  zeros.  Minimum  phase  zeros  cancel 
the  effects  of  the  poles  on  the  TF  phase,  while  non-minimum  phase  zeros  and  the  poles  both  increase 
the  phase-lag  of  aTF.  Thus,  the  reverberant  phase  is  ^v  =  -2xN^.  The  number  of  the  non-minimum 
phase  zeros  Aff'  can  be  estimated  foUowing  the  Csti^y  distribution.  Hguiefi  illustrates  samples  of 
TFs  along  differem  test  fiequency  lines.  Hie  global  phase  tiend  is  estimated  (by  ^  p  in  the  gnqih)  fiom 
the  number  of  zeros.  The  accumulated  phase,  however,  has  a  large  variability  fiom  die  theoretical 
tiend[l].  Therefore,  we  investigate  the  local  statistical  propeities  of  the  phase  in  a  fiequency  interval 
using  the  group  delay. 
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4.  POWER  SPECTRUM  AND  VARIANCES  OF  THE  GROUP  DELAY  FOR  A  TF[11] 


We  take  the  general  fonn  of  the  TF  and  the  group  delay  aa 
H  (<u)  =  K  ^  =arg(o)-fl4)  +  aig(o>-a)b)+ - arg((»-t»i)-itt*(<»-oh)-  - 

arg(®-ajb)  =  ^  =  -tan'*^p^  »(to)  =  ^  =  ]L  =  Z  <— - ^ - )  (6) 

*  **  ^  M  {f  IB  "t”  ^ 


where  the  poles  and  zeros  fonn  a  pattern  in  the  complex  frequency  plane  as  shown  in  Rg. 3,  o,,  = 
totn  =  j ^ (complex singularities,  polesand  zeros  of  H),  and  Cn  =  (<o  -o>]ii)/^  The  values  of 
are  determined  from  the  steps  in  the  phase  of  TF.  The  positive  group  delay  pulses  are  due  to  zeros 
above  the  test  frequency  line,  and  the  negative  pulses  ate  due  to  the  zeros  below  the  line. 

Fig.7a  shows  a  sample  for  the  group  delay  of  the  reverberant  TF.  We  produce  a  "power  spectnim"  of 
the  "random  pulse  process”  of  the  group  delay  T  =  £  r„  for  each  S  •  strip(Fig.3).  The  Fourier  transform 

m 

of  rn(m)  (to  ~*x  ,Sm  =  S  on  a  i  -  strip)  is 

r„(x)=^J  Tm(<o)exp(V<ux)do>  s(Om/2)exp(-j  x)  (7) 

According  to  the  density  of  the  zero  cloud,  the  strip  off  the  pole-line  has  a  number  of  singularities  per 
unit-frequency  interval[lS,16]  (here,  5  is  a  delta-function). 


(zero-cloud)(® )  ~  p(® ) (^  )d^  ,  dn  (pole-line)  (c^)~(^^)^p(c^)  ^(P-Po^^P  (®) 

since  there  ate  n  ^  singularities  due  to  poles  (q„=-l)  and  (l/2)n,  ^gularities  (q,  =  -t-l)  due  to  the  zeros 
on  the  pole-line.  Consequently,  using  an  integration  over  all  the  {-strip  with  the  density  of  singularities, 
the  total  power  spectrum  of  the  group  delay  due  to  all  the  singularities  is  qrproximately  written  at  a  test 
frequency  line  by, 

f’s,  total  (*  )  =  fs,  pole-line  (* )  +  ^s,  zeto-cloud(x ) "  ( |*’p  **P  (-2  x  5 1 )  + - ^ |  (^) 

1  l6tixSi  I 

as  xS,  becomes  latge. 

The  power  spectnim  of  the  group  delay  has  die  trend  of  l/(x  SO  ■  Fig.Tb  demonstrates  the  power 
spectrum  of  the  group  delay.  We  can  clearly  see  a  tendency  towards  the"l/x''  type  of  spectrum,  as 
X  S I  becomes  large.  Hg.7c  shows  the  variances  of  the  group  delay  which  is  calculated  by  the  total 
energy  of  the  power  spectrum  density  by  Eq.(9)  above.  The  variances  decrease  squared  inversely,  as  { t 
becomes  latge;  the  phase  fluctuations  decrease  independent  of  frequency,  as  the  damping  increases. 

{.WAVEFORM  RECOVERY  IN  A  REVERBERANT  SPACE 

Inverse  frltering  and  source  waveform  recovery  are  important  issues  for  sound  and  vibration 
controUl].  Inverse  filtering,  however,  is  not  a  stable  process,  since  the  TF  generally  has  non-minimum 
phase  zerDs(19].  We  propose  a  method  for  the  pulse-like  soiree  waveform  recovery  that  takes  the 
absolute  value  of  the  group  delay  and  inversely  filters  the  minimum  phase  components  of  a  TF. 


WPvV*l|llui>ni 


ATFof  a  non-miniinum  phase  system  is  always  written  asthe  product  of  a  minimum-phase  TF  and 
an  all-pass  TF  as  shown  by  Fig.8  [1].  If  the  source  waveform  is  itself  mininaim-phase,  it  is  completely 
recovered  by  die  inverae  filtering  only  for  the  minimum  phase  pan  of  the  TF.  The  authors  propose  a  new 
method  forthe  minimum  phase  decomposition  that  takes  the  absolute  value  of  die  group  delay  of  a  TF. 
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The  signal  processiiig  procedure  is  explained  in  the  Appendix.  We  take  a  TF  for  a  "reference” 
obtained  from  an  impulae-iesponse-like  record  having  a  finite  data  length.  Thus,  die  TF  has  cmly  zeros 
in  the  discrete  fretpiency  plane;  all  of  the  polynomial  poles  of  the  TF  are  located  at  the  origin  of  die 
discrete  frequency  plane.  When  the  source  waveform  is  ntw-mininnim  phase,  die  non-minimum  phase 
component  is  approximately  recovered  by  "reversing  the  phase  lag  of  die  all^iass  pan"  using  a  delayed 
process[20].  The  inverse  filtering  for  non-minimum  phase  TFs,  however,  becomes  completely  possible 
using  the  TF  data  obtained  by  tmild-channel  observadon[21). 


We  have  carried  out  a  series  of  measurements  concerning  the  reverberant  responses  to  a  train  of 
pulse  waveform  source  signals(^, ;  SOO  Hz)  in  an  86  m’  room  under  the  similar  conditions  to  those  in 
Fig.4.  Figure  9b  shows  the  recovered  waveform  from  the  response  data(Fig.9a)  observed  at  Ml.  We 
can  clearly  see  that  a  pulse-like  source  waveform  is  extracted  from  the  reverberant  response. 

Figure  10  are  examples  of  waveforms  at  M2a  and  M2b  recovered  by  the  inverse  filter  for  M2  using 
an  exponential  time  window[20, 22]  and  smoothing  average  in  the  frequency  domain  of  the  TF.  The 
recovery  process  becomes  more  "robust"  to  the  unpredictable  changes  of  the  TFs.  This  is  partly 
because  the  density  of  the  zeros  closely  located  to  the  test  frequency  line  decreases  by  the  exponential 
windowing  or  the  smoothing  average[23]  following  the  statistical  properties  of  the  rev*^  TFs. 

6.CONCLUSION 


We  have  investigated  the  distribution  of  zeros  of  TFs  theoretically  and  numerically  b;  ds^.ig  impulse 
response  data  obtained  from  measurements  in  a  reverberant  space.  The  distribution  of  zeros  n^nii^l  to  the 
pole-line  is  the  Cauchy  distribution.  The  number  of  non-minimum  phase  zeros  and  the  accumulated  phase 
inversely  decrease,  as  the  damping  (or  the  modal  overlap)  of  the  vilsating  system  increases.  We  have 
also  formulated  the  fluctuations  in  the  phase,  and  confirmed  the  results  using  measured  TFs. 

A  source  waveform  recovery  in  a  reverberant  space  has  been  demonstrated.  A  pulse-like  waveform 
can  be  recovered  by  inverse  filtering  which  uses  the  minimum  phase  part  obtained  from  the  reverberant 
TF  by  taking  the  absolute  value  of  group  delay.  We  recommend  the  exponential  windowing  and 
smoothing  TFs  for  robust  waveform  recovery,  since  such  the  procedures  make  the  recovery  prtKess  less 
sensitive  to  changes  of  the  reverberant  conditions  over  time.  The  authors  thank  to  the  NTT  Computing 
Center  for  consulting  of  inverse  filtering  calculation  by  CRAY-IL 
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Appendix:  Source  Waveform  Recovery  Procedure 
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ABSTRACT 

A  brief  overview  is  presented  of  acoustical  techniques  for 
nondestructive  evaluation  of  materials  and  structures.  Among  the 
general  topics  covered  are  modes  of  elastic  wave  propagation  in  solid 
materials,  energy  flux  vector,  and  nonlinear  effects.  Included  in  the 
section  on  ultrasonic  measurements  are  ultrasonic  attenuation,  laser 
ultrasonics,  full-field  imaging  of  acoustic  displacements,  optical 
detection  of  acoustic  emission,  acousto-ultrasonics,  acoustic 
microscopy,  ultrasonic  tomographic  imaging,  thermal-wave  and  electron- 
acoustic  waves,  and  the  use  of  low-power  ultrasound  to  probe  the  effect 
of  high-power  ultrasound  on  materials. 

INTRODUCTION 

Acoustical  techniques,  particularly  ultrasonics  play  a  prominent 
role  in  nondestructive  testing  because  they  afford  very  useful  and 
versatile  nondestructive  methods  for  evaluating  the  microstructures, 
associated  mechanical  properties,  as  well  as  micro-  and  macroscopic 
flaws  in  solid  materials.  This  offers  definite  advantages  over  other 
techniques  which  rely  on  surface  measurements  alone,  since  it  is  well 
known  that  many  properties  exhibited  by  the  surface  layer  of  a  solid  are 
not  identical  with  the  behavior  of  the  bulk  material.  Surface 
ultrasonic  waves  may  also  be  used  to  advantage,  however,  to  probe  the 
surface  layer.  Interrogation  can  be  performed  at  various  depths  into 
the  material,  since  the  penetration  depth  of  such  waves  increases  with 
decreasing  frequency.  Moreover,  a  variety  of  guided  waves  are  finding 
increased  usefulness  for  probing  interfaces  between  different  materials. 

Since  in  nondestructive  evaluation  applications  it  is  not  desirable 
for  the  ultrasonic  waves  to  alter  the  material  through  which  they  pass, 
it  is  necessary  to  work  with  very  low  amplitude  waves,  which  normally 
are  regarded  to  obey  linear  elasticity  theory.  Although  most  practical 
uses  of  ultrasonics  are  applied  to  solid  materials  which  are 
polycrystalline  aggregates  and  therefore  assumed  to  be  isotropic,  with 
real  crystalline  solids  the  condition  of  ideal  isotropy  is  extremely 
difficult,  if  not  impossible,  to  attain.  In  the  case  of  composite 
materials  the  presence  of  anisotropy  may  be  even  more  pronounced  than  in 
crystalline  metals  and  ceramics  because  of  the  particular  lay-up  or 
filament  placement  processes  involved.  Since  in  the  case  of  fairly  thin 
composites  panels  as  used  in  aerospace  structures  anisotropy  exerts  only 
a  minor  influence  on  ultrasonic  wave  propagation  along  the  thickness 
direction,  the  effect  of  this  anisotropy  has  also  been  generally 
ignored.  However,  as  more  applications  are  found  for  increasingly 
thicker  composites  there  is  an  Increased  awareness  of  the  need  to 


account  for  anisotropy  effects  in  ultrasonic  wave  propagation  and  the 
associated  nondestructive  evaluation  techniques. 

MODES  OF  WAVE  PROPAGATION 

In  order  to  determine  precisely  what  type  of  waves  will  propagate 
in  a  given  direction  in  a  specific  anisotropic  material,  the  density  and 
elastic  moduli  of  the  material  must  be  known  and  the  eigenvalues  (wave 
speeds)  and  the  eigenvectors  (particle  displacements)  determined  from 
solution  of  the  equation  of  motion.  Three  different  linear  elastic 
waves  may  propagate  along  any  given  direction  in  an  anisotropic 
material.  These  three  waves  are  usually  not  pure  modes  since  each  wave 
generally  has  particle  displacement  components  both  parallel  and 
perpendicular  to  the  wave  normal.  However,  one  of  these  components  is 
usually  much  larger  than  the  other;  the  wave  with  a  large  parallel 
particle  displacement  component  is  called  quasi-longitudinal,  while  the 
two  waves  with  large  perpendicular  particle  displacement  components  are 
called  quasi-shear.  In  the  event  that  the  material  is  isotropic,  then 
all  modes  become  pure  modes,  i.e.  the  particle  displacements  are  either 
parallel  or  perpendicular  to  the  wave  normal,  and  the  two  cpiasi-shear 
modes  degenerate  into  one  pure  shear  mode  ( 1 ) . 

Energy _Flqx 

Also  of  great  practical  importance  to  elastic  wave  propagation  in 
anisotropic  materials  is  the  fact  that  the  direction  of  the  flow  of 
energy  per  unit  time  per  unit  area,  the  energy-flux  vector,  does  not  in 
general  coincide  with  the  wave  normal  as  it  does  in  the  Isotropic  case, 
i.e.  the  ultrasonic  beam  exhibits  refraction  even  for  normal  incidence _ 
(1).  An  example  as  to  how  disregard  for  energy  flux  vector  deviation  in 
thick  anisotropic  materials  can  cause  errors  in  nondestructive  detection 
of  cracks  or  delamlnatlons  is  shown  in  Fig.  1.  If  the  degree  of  energy 
flux  vector  deviation  was  not  determined  prior  to  this  test  and  the 
assumption  made  that  no  deviation  occurred,  subsequent  investigation 
would  not  reveal  the  crack  in  the  calculated  position  beneath  the 
transducer,  while  the  real  crack  location  would  not  be  identified. 

Nonlinear  Effects 

Nonlinear  effects  associated  with  ultrasonic  wave  propagation  may 
also  be  used  to  advantage  for  nondestructive  materials  characterization. 
Nonlinear  effects  in  elastic  wave  propagation  may  arise  from  several 
different  causes.  First,  the  amplitude  of  the  elastic  wave  may  be 
sufficiently  large  so  that  finite  strains  arise.  Second,  a  material, 
which  in  its  undeformed  state  behaves  in  a  linear  fashion,  may  behave  in 
a  nonlinear  fashion  when  infinitesimal  ultrasonic  waves  are  propagated, 
provided  that  a  sufficient  amount  of  external  static  stress  or  internal 
residual  stress  is  superimposed.  Finally,  the  material  itself  may 
contain  various  energy  absorbing  mechanisms  such  that  it  is  locally 
nonlinear,  e.g.  the  defects  enumerated  previously  [1]. 

ULTRASONIC  MEASUREMENTS 

Two  features  of  ultrasonic  waves  are  primarily  used  for  obtaining 
information  about  the  microstructure  and  associated  mechanical 
properties  of  materials,  namely,  velocity  and  attenuation.  Ultrasonic 
velocity  measurements  permit  determination  of  thickness,  crack  location, 
and  bulk  residual  stress  (strain) .  Ultrasonic  attenuation  measurements 
serve  as  a  very  sensitive  indicator  of  internal  loss  mechanisms  arising 
from  microstructure  and  microstructural  alterations  in  the  material. 
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Although  geometrical  effects  can  cause  energy  to  be  lost  from  the 
ultrasonic  beam,  such  losses  are  not  indicative  of  intrinsic  loss 
mechanisms  associated  with  the  microstructure.  Once  proper  precautions 
are  taken  to  either  eliminate  or  control  these  geometrical  effects, 
ultrasonic  attenuation  measurements  serve  as  a  very  sensitive  indicator 
of  internal  loss  mechanisms  in  the  material.  This  sensitivity  derives 
from  the  ability  of  ultrasonic  waves  of  the  appropriate  frequency  to 
Interact  with  a  variety  of  defects  including  cracks,  microcracks, 
foreign  particles,  precipitates,  porosity,  fiber  breaks,  delaminations, 
disbonds,  voids,  grain  boundaries,  interphase  boundaries,  magnetic 
domain  walls,  and  even  dislocations  [2]. 

Laser  generation/Detection  of  Ultrasound 

Although  piezoelectric  crystals  have  been  predominantly  used  as 
ultrasonic  transducer  materials,  a  major  problem  associated  with  their 
use  is  the  requirement  that  both  the  generating  and  receiving 
transducers  be  acoustically  bonded  to  the  test  material  with  some  sort 
of  acoustical  impedance  matching  coupling  medium  such  as  water,  oil,  or 
grease.  In  addition  to  modification  of  the  ultrasonic  signal  and 
potential  harm  to  the  test  structure  by  the  coupling  medium,  the 
requirement  of  physical  contact  between  transducer  and  test  structure 
places  additional  limitations  on  ultrasonic  testing.  Although  both 
capacitive  pick-ups  and  electro-magnetic  acoustic  tranducers  (EHAT's) 
are  presently  available,  the  only  universally  useful  non-contact 
teciv'ique  is  laser  beam  generators  and  detectors.  Laser  beam  probes 
affuid  the  opportunity  to  make  truly  non-contact  ultrasonic  measurements 
in  both  electrically  conducting  and  non-conducting  materials,  in 
materials  at  elevated  temperatures,  in  corrosive  and  other  hostile 
environments,  in  geometrically  difficult  to  reach  locations,  in  outer 
space,  and  do  all  of  this  at  relatively  large  distances,  i.e.  meters, 
from  the  test  structure  surface.  Incorporation  of  scanning  techniques 
or  full-field  imaging  greatly  increase  the  capability  of  testing  large 
structures  without  the  present  necessity  of  either  immersing  the  test 
object  in  a  water  tank  of  using  water  squirter  coupling  [3-4]. 

Full-Field  Holographic  Imaging  of  Acoustic  Displacements 


Figure  2  shows  the  results  of  a  holographic  interferometry 
technique  which  permits  full-field  imaging  of  surface  displacements  due 
to  ultrasonic  wave  propagation  [5].  A  laser  pulse  was  used  to  record  a 
holographic  image  of  a  graphite/epoxy  composite  plate.  Subsequently,  a 
second  laser  pulse  was  Incident  on  the  center  of  the  plate  (opposite 
side  than  shown  in  figure)  and,  after  sufficient  time  for  the  resulting 
ultrasonic  wave  to  travel  to  the  opposite  surface  of  the  plate  (sidt.: 
shown  in  figure) ,  a  third  laser  pulse  was  used  to  re-expose  the 
holographic  plate.  The  resulting  interference  pattern  shows  the 
ultrasonic  wavefront  traveling  outward  from  the  source  with  the 
influence  of  the  anisotropic  character  of  the  plate  clearly  evident.  An 
alteration  in  the  holographic  image  is  also  evident  in  the  left  lobe  of 
the  figure  probably  caused  by  a  delamination  between  one  of  the  internal 
composite  layers. 


Optical  Acoustic  Emission  Detection 

The  importance  of  acoustic  emission  monitoring  is  that  proper 
detection  and  analysis  of  acoustic  emission  signals  can  permit  remote 
identification  of  source  mechanisms  and  the  associated  microstructural 
alteration  of  the  material.  Several  non-contact  optical  interferometric 
detectors  have  been  used  to  record  acoustic  emissions  from  a  variety  of 
metal  specimens  [6].  In  several  series  of  tensile  tests,  the  dimensions 
of  the  specimens  the  gauge  sections  were  chosen  to  be  very  small  so  that 
any  microstructural  alteration  would  be  visible  on  the  gauge  section 
surface  and  could  be  examined  in  detail  using  both  optical  and  scanning 
electron  microscopy.  Because  of  the  large  flat  frequency  bandwidth  (0  - 
60  MHz)  of  the  optical  probe,  acoustic  emission  signals  were  obtained  in 
a  frequency  regime  not  normally  detected  with  conventional  transducers. 
Tests  run  on  a  series  of  stainless  steel  specimens  revealed  a  large 
number  of  acoustic  emission  signals  at  9  -  10  MHz  prior  to  fracture. 
Scanning  electron  microscopic  examination  of  the  fracture  surface 
resulted  in  a  one-to-one  correspondence  between  these  high  frequency 
signals  and  the  fracture  of  intermetallic  particles  in  the  steel. 

Acousto-Ultrasonics 

Originally,  the  acousto-ultrasonic  method  used  a  conventional 
ultrasonic  transducer  operating  in  the  l-io  MHz  regime  as  a  generator, 
while  the  receiver  transducer  was  a  conventional  acoustic  emission 
transducer  operating  in  the  100-150  kHz  regime.  Acousto-ultrasonic 
tests  are  now  run  with  various  types  of  transducers,  such  as  broadband 
ones,  and  the  receiving  transducers  are  no  longer  limited  to  the 
100-150  kHz  regime.  In  a  few  examples,  through  transmission  has  been 
reported,  but  the  majority  of  acousto-ultrasonic  tests  are  run  with 
both  the  generating  and  receiving  transducers  coupled  to  the  same 
side  of  the  matrlal  under  test.  The  received  signals  are  more  complex 
than  those  normally  obtained  with  conventional  pulse-echo  testing, 
and,  therefore,  require  more  elaborate  electronic  processing.  Recently 
pulsed  lasers  have  been  used  for  generating  acousto-ultrasonic 
signals  and  laser  interferometers  have  been  used  as  detectors.  A 
laser  acousto-ultrasonic  system  has  been  recently  used  to  obtain 
waveforms  from  composite  materials  [7]. 

Acoustic  Microscopy 

In  recent  years  scanning  acoustic  microscopy  has  developed  to  the 
extent  that  it  possesses  spatial  resolution  comparable  with  optical 
microscopes.  Instruments  have  operated  at  room  temperature  with 
frequencies  as  high  as  3.5  GHz  possessing  wavelengths  down  to  400  nm. 
Cryogenic  and  high  pressure  instruments  have  worked  with  wavelengths 
less  than  250  nm.  Since  the  contrast  mechanisms  depend  on  the  elastic 
properties  of  the  materials  under  examination,  these  instruments  provide 
a  valuable  tool  for  materials  characterization  not  obtainable  in  any 
other  manner.  A  particularly  exciting  acoustic  microscope  system 
permits  evaluation  of  materials  and  processes  on  a  practical  scale  [8]. 
Images  are  formed  directly  by  displaying  the  amplitude  of  broadband 
acoustic  pulses  possessing  center  frequencies  from  10  to  100  MHz. 

Figure  3  shows  an  example  of  the  use  of  this  system  to  investigate  a 
solder  bond  between  two  silicon  wafers.  Note  that  not  only  are  the 
voids  in  the  solder  bond  easily  detected,  but  the  grains  in  the  larger 
silicon  wafer  are  visualized  without  the  need  for  chemical  etching. 
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Ultrasonic  Tomographic  Iroagina 

X-ray  tomography  has  proven  to  be  an  extremely  useful 
nondestructive  evaluation  technique.  However,  the  experimental 
apparatus  is  sophisticated,  expensive  and  poses  an  inherent  radiation 
hazard.  On  the  other  hand,  x-rays  travel  in  straight  lines  or  fan  beams 
as  desired  and  are  not  refracted  by  any  anisotropy  in  the  material 
through  which  they  pass.  The  equipment  for  ultrasonic  tomography  is 
relatively  simple,  inexpensive,  and  extremely  safe.  However,  ultrasonic 
tomography  has  only  met  with  limited  success,  primarily  with  medical 
imaging,  because  the  human  body  is  very  nearly  isotropic  as  far  as 
density  and  elastic  properties  are  concerned.  The  complications 
Introduced  by  anisotropic  in  Industrially  important  metals  has  prevented 
successful  implementation  of  ultrasonic  tomography  in  these  materials. 
Unfortunately,  there  is  no  simple  nondestructive  method  of  determining 
the  texture  of  bulk  metals  a  priori. 

On  the  other  hand,  the  anisotropy  of  composite  materials  can  be 
determined  a  priori  because  the  particular  lay-up  or  fiber  placement  of 
composite  materials  is  controlled  during  the  manufacturing  process. 
Moreover,  the  anisotropy  of  composite  materials  generally  mimics  that  of 
single  crystals  for  which  the  general  ultrasonic  propagation 
characteristics  are  well  known.  Therefore,  it  is  highly  probable  that 
ultrasonic  tomography  will  be  easier  to  implement  in  composite  materials 
than  in  metals.  Research  is  currently  underway  to  make  full  use  of  all 
information  with  regard  to  ultrasonic  wave  propagation  in  anisotropic 
materials  in  order  to  develop  an  ultrasonic  tomography  technique  for 
defect  imaging  in  anisotropic  materials,  particularly  composites  [9]. 

Thermal-Wave  and  Electron-Acoustic  Wave  Imaging 

As  Initially  developed  thermal-wave  imaging  used  laser  beam 
scanning  of  a  test  object  placed  in  a  closed  gas-filled  container  to 
cause  changes  in  the  gas  pressure  in  direct  proportion  to  thermal 
property  changes  in  the  surface  layers  of  the  test  object.  More  recent 
developments  have  permitted  elimination  of  the  gas-filled  container  by 
use  of  a  second  probe  laser  beam  which  either  detects  surface 
displacements  of  the  test  object  due  to  localized  thermal  expansion  or 
changes  in  the  refractive  index  of  the  air  just  above  the  sample 
surface.  Thermal-acoustic  imaging  describes  a  modification  where  the 
laser  beam  introduces  heat  locally  and  periodically  onto  one  surface  of 
a  specimen  and  the  elastic  wave  resulting  from  local  thermoelastic 
expansion  of  the  sample  is  measured,  usually  with  a  piezoelectric 
transducer  coupled  to  the  other  surface  of  the  specimen. 

Another  modification  uses  a  chopped  electron  beam  in  a  scanning 
electron  microscope  to  excite  thermal  and  elastic  waves  at  the  top 
surface  of  a  test  object.  The  elastic  waves  are  detected  by  either  a 
piezoelectric  transducer  coupled  to  the  bottom  surface  of  the  test 
object  or  an  optical  interferometric  displacement  probe.  By  displaying 
and  recording  the  output  of  the  detector  as  a  function  of  position  of 
the  scanning  electron  beam  an  "electron-acoustic"  image  of  the  test 
object  can  be  obtained,  Fig.  4,  [10]. 
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High-Power  Ultrasonic  Waves 

High-intensity  ultrasound  has  found  practical  application  in 
welding,  machining,  drawing,  forming,  grain  refinement  during 
solidification,  diffusion  enhancement,  accelerated  fatigue  testing,  and 
stress  relieving.  However,  the  mechanism  by  which  high-intensity 
ultrasound  influences  the  mechanical  deformation  of  metals  is  still 
unknown.  A  multiparameter  system  which  permitted  simultaneous 
measurement  of  a  number  of  quantities  to  test  the  proposed  mechanisms 
for  the  influence  of  hlgh-lntensity  ultrasound  on  the  mechanical 
properties  of  metals  [11].  An  8  MHz  x-cut  quartz  transducer  was 
acoustically  coupled  to  the  flat  upper  end  of  a  test  specimen,  while  a 
20kHz  ultrasonic  horn  was  coupled  to  the  lower  end.  The  x-cut 
transducer  was  electrically  connected  through  an  impedance  matching 
network  to  an  ultrasonic  pulse-echo  system.  The  insonation  period  of 
the  hlgh-lntensity  ultrasonic  unit  was  controlled  by  a  timing  circuit 
which  permitted  the  insonation  period  to  be  continuously  varied. 
Measurements  of  elastic  wave  velocity  directly  yielded  information  on 
the  variation  of  the  effective  Young's  modulus  as  a  function  of 
application  of  hlgh-intenslty  ultrasound.  The  same  system  permitted 
simultaneous  measurement  of  ultrasonic  attenuation,  which  served  as  a 
monitor  of  dislocation  motion. 

CONCLUSIONS 

In  this  paper,  a  brief  overview  has  been  presented  of  acoustical 
techniques  for  nondestructive  evaluation  of  materials  and  structures. 
Unfortunately,  because  of  space  limitations  all  currently  used  and 
developing  techniques  have  not  been  covered.  There  is  still  much  work 
to  be  done  in  developing  a  complete  understanding  of  ultrasonic  wave 
propagation  in  anisotropic  and  inhomogeneous  materials.  Three- 
dimensional  imaging  of  defects  in  industrially  important  metals  and 
ceramics  and  in  thick  composites  using  ultrasonic  techniques  is  not  yet 
a  reality.  These  developments  will  finally  bring  to  fruition  the 
ability  of  ultrasonics  to  successfully  be  classified  as  a  quantitative 
KDE  technique. 
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Figure  3.  Acoustic  microscope  image  of  solder  bond  between 
two  silicon  wafers  [7]. 


Figure  4.  Scanning  electron  microscope  and  electron-acoustic 
images  of  integrated  circuit  [9]: 

5  keV  (a)  SEM,  (b)  electron-acoustic 
30  keV  (c)  SEM,  (d)  electron-acoustic 
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Fig.  1.  Ilustratlon  of  energy- 
flux  vector  deviation  (refraction) 
causing  misjudgement  of  crack 
location  in  anisotropic  solid. 


Figure  2.  Holographic  full-field 
imaging  of  ultrasonic  waves  on 
surface  of  graphlte/epoxy  composite 
[4]. 
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ABSTRACT 

The  dynamic  stresses  erqperlenced  iiy  the  skin  of  cement  mills  Is  essentially  due 
to  the  Impact  of  the  freely  falling  balls  and  cylpebs  Inside  the  rotating  mill.  The 
determination  of  the  magnitude  of  the  forces  acting  on  the  surface  of  the  mill  and 
consequaitly  the  associated  stresses  Is  a  complicated  exercise.  Random  vibration 
concept  In  conjunction  viith  cyclic  symnetry  is  used  to  present  a  method  to  handle  such 
a  problem  in  this  paper. 

KEyWQETDS:-  Stress  analysis,  Cem«Tt  mill  analysis,  technique.  Random  vibration 
analysis. 

1.  INTRDDUCnWT 

Tunbllng  mills  [l]  are  used  for  grinding  in  most  of  the  plants  vrtiere  normetalllc 
minerals  are  processed.  The  operation  can  be  In  a  wet  or  dry  roedlun.  In  the  majority 
of  tvmbllng  mills  the  rotating  contetlner  Is  a  cylindrical  shell  mounted  with  axis 
horizontal,  and  provided  with  openings  through  the  heads  for  feed  and  discharge  of 
material  respectively.  The  differences  between  various  mills  He  in  the  shell 
proportions,  nature  of  tunbllng  bodies  and  the  method  of  discharge.  The  mill  is 
typically  a  combination  of  cylindrical  and  conical  shells  as  can  be  seen  In  Flg.l. 
The  end  plates  of  the  mill  heeds  are  bolted  to  the  shell  flanges.  The  Inlet  and 
outlet  heeds  of  the  mill  are  generally  of  cast  steel  with  Integral  hollow  timmlons  ; 
the  trunnlai  corresponding  to  the  gear  end  Is  provided  with  a  collar,  idiereas  the 
trunnion  at  the  other  end  of  the  mill  forms  a  plain  Journal. 

1.1  Stresses  due  to  dead  load 

Typical  Industrial  mills  vary  In  diameter  from  1.2  to  3*6  m  with  lengUrs  of  the 
cylindrical  portion  varying  from  5.4  to  16.2  m  as  shown  In  Table  1  [2].  Typical  shell 
thicknesses  are  also  Indicated  In  the  Table.  Liner  thicknesses  are  nonoally  around 
1.^  times  the  main  shell  thickness.  The  seml-ccne  angles  (oc  )  are  typically  M,  72  or 
85  .  Btor  the  normal  loading  encountered  (405i  of  the  volune  of  the  shell)  stresses 

Introduced  by  the  acymnet^c  bending  of  the  dead  load  due  to  the  charge  Inside  are 

normally  less  than  30  N/iiin‘^  with  peek  values  around  the  Jvnctlcn  of  the  cone  and  the 
cylinder  even  *dien  the  liner  thickness  is  Ignored  [3]-  But  this  sort  of  estimation  of 
stress  does  not  take  Into  account  the  dynamic  streaa  introduced  by  the  freely  falllrg 
steel  bedls/cylpebs  when  the  mill  is  run.  These  mills  generally  run  at  speeds  of 

about  60^  of  their  critical  speeds  ensuring  the  free  fall  of  these  balls  from  a 

substantial  height.  This  Introduces  a  considerable  magiltude  of  dynamic  stress  cn  the 


shell  and  this  has,  hlthei^,  not  be«i  taJcai  into  account  in  reported  literature  [4]. 

The  present  investigation  alms  at  determinirg  the  dynamic  strains  due  to  the  random 
loading  of  the  steel  halls  on  the  skin  of  the  shell.  The  three  parameters  which 
influence  the  dynamic  loaxUng  are  the  diameter  of  the  shell,  the  speed  of  operation  of 
the  mill  and  the  size  and  wel^t  of  the  cliarge  inside  the  mill. 

1.2  Mechanism  of  Tunbling 

The  timbling  mill  has  ovei^l  variability  not  only  in  size  but  also  in  shape,  in 
total  weight  and  the  motion  of  the  tunbling  media.  It  has  been  observed  that  the  motion 
of  these  bodies  within  the  cylinder  comprises  two  distinct  varieties  (i)  rotation  of  the 
rods  around  their  own  axes  lying  parallel  to  the  mill  axis  and  (li)  cascading  (rolling 
down  the  surface  of  the  load)  or  cataractir^  (parabolic  free  fall  above  the  mass). 

Fig.  2  is  an  idealized  representation  of  the  action  In  a  mill  operating  at  a  speed 
resulting  in  cataractlng.  Shown  alcxigslde  is  the  actual  flow  pattern  inside  a  tunbling 
mill.  In  the  lower  part  of  the  mill,  balls  are  in  irregular  layers  concentric  with  the 
mill  shell.  The  layer  in  contact  with  the  shell  itself  is  moving  at  substantially  the 
same  rate  as  the  shell;  the  roigher  the  mill  linirg,  the  less  the  slip.  Any  ball  in 
this  layer  between  lines  a-a  and  b-b,  is  subjected  to  two  sets  of  forces,  one  applied  at 
the  point  of  contact  with  the  mill  shell,  in  a  direction  tangential  to  the  shell  (as 
shown  In  Fig. 2)  and  clockwise;  the  other  aj^jlled  on  the  opposite  side  of  the  bell  and 
oppositely  directed.  This  pair  of  forces  actlrg  on  any  one  ball  constitutes  a  couple 
and  since  the  ball  is  constrained  ty  contact  with  the  shell  and  Its  neighbours,  it 
rotates  about  an  axis.  Thus  every  ball  in  the  zone  between  a-a  and  b-b  heis  similar 
rotation  under  the  action  of  similar  coi?>le.  The  result  is  slidlrg  of  cataractlng 
surfaces  across  each  other  under  pressure.  Particles  nipped  and  passed  between  are 
ground  by  abrasion. 

In  the  zone  from  b-b  to  a-a,  reckoning  clockwise,  in  a  mill  operating  at 
cataractlng  speeds,  there  is  substantial  free  fall  of  balls  out  of  contact  with  each 
other  and  no  grinding  or  hreaKlng  acticxi  whatever.  At  the  surface  c-c  there  is  crushlrg 
by  Impact  between  the  falling  balls  and  the  balls  below  the  surface,  irtilch  are  supported 
by  the  mill  shell.  In  the  zone  a-c,  c-c,  d-d,  there  is  most  intense  and  turbuleit 
motion,  consisting  of  violent  tunbling  in  the  region  above  the  heavy  dotted  line  and 
rapid  shear  of  the  mass  along  the  dotted  line  with  the  portion  of  the  balls  below  the 
line  moving  rapidly  with  the  mill  shell  and  those  above  appearing  as  a  mass,  to  be 
stationary,  although  each  Individual  in  this  mass  is  in  rapid  motion  with  respect  to  its 
neighbours. 

2.  EETFFMINATION  OF  DYNAMIC  STRESS 

The  freely  fall&ig  oylpebs  produce  an  enormous  amount  of  dynamic  load  on  the  skin 
of  the  shell.  The  intensity  of  this  loading  is  a  function  of  the  diameter  of  the  ball, 
speed  of  the  mill  and  height  of  fall  (diameter  of  the  shell).  The  centrlfugsil  effect  of 
the  rotating  shell  is  notmlly  of  small  nagnltude  t5],  since  speeds  encountered  for 
typical  mills  are  in  the  range  17-22  rpm  [4], 

Prom  the  experiments  conducted  [6]  on  an  aluntnlun  model  of  a  mill  (Fig. 3),  it  is 
assumed  that  radial  pressure  varies  as  the  square  of  the  speed  idiile  the  ctrcunferentlal 
pressure  varies  linearly  as  the  operating  speed.  It  is  also  assuned  that  the  rms 
pressures  both  in  the  radial  and  the  clrcunferentlal  directions  are  roughly  proportional 
to  the  diameter  of  the  ball.  Based  on  these  assunptlons  the  rms  pressures  for  typical 
ball  mills  have  been  predicted  for  40!i  charge  and  are  shown  in  Table  2. 

3.  FINITE  ELEMENT  IDEALIZATION 

Fbr  the  analytical  solution  of  the  problem,  the  ball  mill  (Figs. 4  and  5)  has  beai 
treated  as  a  cyclic  synmetrlc  structure  with  asynnetrlc  loading  [7].  Though 
rotatlonally  syimvetrlc,  the  concept  of  cyclic  syimetry  has  been  adopted  to  allow  for  the 
Introductiai  of  ribs  if  necessary  and  to  reduce  the  size  of  the  problem.  If  one  is 
interested  in  dlscretlslng  the  whole  structure,  the  core  and  time  needed  would  be 
enormous. 
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Itie  Ideal  finite  elenients  for  solving  paroblems  under  this  category  are  triangular 
shell  elements  [8]  viith  six  degrees  of  freedan  at  each  node.  The  stiffness  and  mass 
matrices  formulated  In  Cartesian  co-ordinates  are  to  be  transformed  to  polar  form 
resulting  In  displacements  alcng  radial,  circunferential  and  axial  directions. 

The  mathematical  modelling  of  a  cyclic  synmetric  structure  for  static  analysis 
under  generalised  loading  is  givai  ly  one  of  the  authors  [71.  Let  us  cMisider  a  cyclic 
synmetric  structure  vrtth  N  identical  repeating  sectors.  The  force  actlr^  on  the 
structure  la  expressed  as  a  sun  of  several  Pourler  ccnpcnants.  The  nunber  of  such 
barmcnlcs  is  fiid.te  (N).  Thus  for  each  harmonic,  analysis  of  a  single  repeating  sector 
is  possible.  This  is  in  fact  an  extension  of  the  standard  practice  of  analysis  for  an 
axisynmetric  structure  under  arbitrary  loading.  The  forces  and  the  correspondir^ 
displacements  are  expressed  In  terms  of  a  correspondir^  Jburler  series.  The  total 
respcxise  is  obtained  as  a  sum  of  the  individual  Fourier  harmcnlc  responses. 

4.  IWNAMIC  ANALYSIS  VdTH  ASYMffiTRIC  LOAD 

The  dynamic  problem  considered  here  involves  computation  of  transfer  function  for 
unit  load  (varying  harmonically  vflth  time)  at  frequencies  in  the  range  of  excitation. 
The  solution  to  the  steady-state  vibration  problem  with  harmonic  forcing  function  sin<Jt 
with  maxiimm  intensity  unity  involves  modifying  the  principal  dlagcnals  of  the  stiffness 
matrix  by  adding  appropriate  Mdf  terms  (inertia  forces)  and  using  the  same  solution 
technique  as  for  static  analysis.  This  is  valid  only  when  damping  in  the  system  is 
Ignored.  From  the  e)q)erlmentally  arrived  at  values  of  power  spectral  density  of  dynamic 
pressures  [61,  It  is  seen  that  the  highest  forcing  frequency  for  which  the  power 
spectral  density  value  is  of  measurable  magiitude  is  around  10  Hz.  Prom  what  follows  in 
the  next  section,  it  is  seen  that  the  lowest  natural  freqxiencles  of  practical  mills  are 
much  higher  than  the  highest  forcing  frequencies.  Hence,  the  chances  of  the  mill 
getting  excited  at  any  of  its  natural  frequencies  is  remote.  Therefore,  for  the 
subsequent  ctynamlc  analysis,  damping  is  Ignored  and  the  frequencies  of  excitaticxi  used 
for  computing  the  transfer  function  vary  from  0  Hz  to  the  frequency  corresponding  to  the 
tenth  harmonic  of  tte  running  speed.  In  subsequent  computations,  it  is  found  that  the 
ccntrlbutic*!  from  MdT  terms  to  the  modified  stiffness  matrix  is  negligibly  small. 

Fig. 6  shows  the  variation  of  displacement  due  to  unit  dynamic  line  load  slnidt  for  a 
mill  without  liner.  The  displacements  of  the  sector  in  which  the  load  is  applied  and 
the  adjoining  sectors  all  around  the  circimference  have  been  plotted.  Pig. 7  shows  the 
corresponding  variatic*i  of  stresses  aroxind  the  circunference.  It  is  observed  that  the 
decay  rate  around  the  circunference  is  not  fast  for  mills  with  liners.  Table  3  shows 
the  computation  time  for  the  dynamic  response  due  to  load  slniAt.  The  computations  were 
made  on  a  computer  which  taKes  6|is  for  multiplication. 

5.  NATURAL  fRBQUEBCY  EETEBMINATION 

The  governing  equaticxi  for  free  vibration  can  be  written  as 

[K]{S}  [m]  (1) 

where  [K]  is  the  stiffhess  matrix, the  displacement  vector  and  [M]  the  mass  matrix. 
Since  the  eigen  vector  fUj^l  of  a  repeated  sector  is  connected  to  the  (1  +  l)th  vector  by 
the  relaticaishlp 

the  stiffness  matrix  of  any  cyclically  synmetric  structure  will  be  Hermitisn  [71.  Hence 
for  N  even,  Bq.(l)  has  to  be  solved  for  (N/2  +  1)  values  of  ^  and  N  odd  calls  for 
solution  of  (N  +  l)/2  values  of  ^  to  get  all  the  eigen  values  of  the  entire  structure. 

Table  4  gives  the  lowest  natural  frequencies  of  typical  industrial  bedl  mills 
mentioned  in  TSable  1.  Also  shown  in  the  Table  are  recommended  operating  speeds  for 
these  mills.  It  is  seen  that  the  fundamental  frequencies  are  much  higher  than  the 
operating  speeds  (at  least  20  times).  These  values  are  obtained  for  mills  of  the  type 
shown  in  Pig. 3.  The  forcing  frequency  (the  dominant  pressure  frequency  corresponding  to 
the  rumlng  speed)  and  its  10  harmonics  thus  lie  in  a  range  far  below  the  natural 
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frequencies.  Hence  while  doing  the  steady  state  analysis  one  is  Justified  in  neglectir^ 
the  damping. 

6.  RANDOM  VIBRATION  CONCEPT 

To  determine  the  spectral  density  of  the  respcnse  of  a  systan  [9]  to  a  single 
randonly  varying  force,  it  is  only  necessary  to  know  the  spectral  density  of  the 
exciting  force,  and  the  relevant  receptance  of  the  system.  In  cases  a  nunber  of 

forces  act  together,  complication  arises  not  simply  from  the  larger  nvinbers,  but  from 
the  possibility  that  the  dlffesrent  forces  are  in  some  way  related,  so  that  their 
cross-correlations  are  to  be  taken  into  account.  The  response  of  a  system  to  a  sii^e 
input  is  given  by  the  equation 

S^(f)  =  |«(if)|^  Sp(f)  (3) 


where  ^(f)  is  the  power  spectral  density  of  the  output  response,  S  (f)  the  power 
spectral:  density  of  the  input  force  and  Milf)  the  transfer  function.  ^ 

Eq.3  has  been  extended  to  the  case  of  multiple  loads.  It  has  also  been  assuned 
that  the  radial  and  circvinferentlal  pressure  Inputs  are  uncorrelated. 

6.1  Response  to  multiple  loads 

When  more  than  two  random  forces  act  together,  the  analysis  may  be  extended  without 
difficulty,  although,  of  course,  the  number  of  cross-correlation  terms  is  greatly 
Increased,  and  equations  get  langthLer. 


Consider,  e.g.,  the  respcnse  x(t),  of  a  system,  in  a  given  direction,  to  three 
random  loadings  P(t),  Q(t),  R(t),  acting  simultaneously.  We  can  obtain  an  expression 
giving  the  auto-correlation  function  R(T)  in  terms  of  the  auto-correlation  functions 


Rp (■*■),  (■*■)>  cross-correlation  functions 


RfQ('f).  Sqp  (»). 


RnpC^r)  and  RroC'*')  and  this  result  can  be  used  to  express  the  spectral  density  S(f)  of 
output  x(t)  terms  of  the  spectral  densities  and  cross-spectral  densities  of  the 
loadings.  Proceeding  in  this  way  we  obtain 


Sx(f) 


^  “^xQ^xQ  ■^®xQ‘^xR^QR^^^  ■^‘^xq’^xP^QP^^^ 


(4) 


Where  there  are  n  forces  Pi>P2’'”^n  ®  general  result  having  the  form 


Sx(f) 


n  n 

2  S  ^xP^xP^P  (f) 

r.l  s=l 


(5) 


obviously  applies,  vrtiere  Sp  p  (f )  is  to  be  Interpreted  as  Sp  (f)* 

r  r  r 

For  the  finite  element  model  of  the  mill  considered,  there  are  12  repeating  sectors 
with  6  partitions  per  sastor.  Hence  72  line  loads  with  a  time  lag  of  T,  between  succes¬ 
sive  loads  have  been  considered.  Hairce  in  the  present  analysis  n  =  72. 

Since  adjacoit  forces  P^.  and  P^  for  the  ball  mill  are  such  that 

Pj.(x.t)  =  Pg^x.t  +■^0)  (6) 
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it  follows  that 


Sp  p  (f)  =  e  i^nrr 

s  r 


Here  Z’Tit't ^  =  271/72  (8) 


where  f  is  the  frequency  corresponding  to  the  operating  speed  of  the  mill.  Hence 
Bq.5  may  be  simplified  as 


Sx(f) 


n 

s 


r^l 


n  ♦ 

OC 

s=l  xP_ 


gi27l(s-r)/72 


xP- 


Sp  (f) 


(9) 


Since  the  effect  of  damping  is  Ignored  as  mentioned  earlier.,  the  transfer  functions 
of  displacement  and  stress  are  real  quantities.  Besides,  the  ccntributicti  from  mtOr 
terms  to  the  modified  stiffness  matrix  being  negligible,  the  simplification  shown  in 
Bq.lO  could  be  made. 


r~ 


X 


n 

r?l 


21  oc  OC 

S^  XPj.  XPg 


,i2n.(s-r)/72 


J 


(10) 


It  is  this  eqiKition  which  has  been  made  use  of  to  predict  the  rms  values  of  stresses  for 
actual  mills  from  the  predicted  rms  values  of  pressure. 

7.  COMPUTATIONAL  PROCEDURE 

The  ball  mill  has  been  assimed  to  have  12  repeated  structures  each  subtending  30° 
at  the  centre.  Let  the  first  of  such  structures  consist  of  6  partitions,  each 
subtending  5°  at  the  centre  as  shown  in  Flg.4.  In  the  finite  element  model  of  the 
actual  mill  shown  only  cne  half-length  of  the  mill  has  been  considered  assuning 
synmetry.  Each  structure  consists  of  112  nodes  and  l8o  trlanguleur  plate  elemaits.  Ehch 
plate  element  has  six  degrees  of  freedom  at  each  of  its  nodes.  Since  the  mill  can  be 
thought  of  as  being  simply  supported  at  both  ends,  adl  degrees  of  freedom  corresponding 
to  the  three  translational  modes  have  been  suppressed  at  all  nodes  at  the  support  end. 
Since  the  mill  has  been  assumed  to  be  symnetric  about  the  middle  of  the  longitudinal 
axis,  all  degrees  of  freedom  corresponding  to  the  translatory  motion  z  and  the 
rotational  motions  corresponding  to  r  and  6  for  all  nodes  at  mid-span  have  been 
suppressed  giving  rise  to  a  piroblem  of  size  5^x108  for  each  structure. 

For  the  finite  elemoit  model  of  Uie  mill  72  line  loads  have  been  considered.  A 
line  load  with  components  of  uniform  intensity  in  the  radial  and  circumferential 
directions  has  been  assuned  to  act  along  a  meridional  line  including  the  conical  pxDrtlon 
and  the  cylindrical  portion  of  larger  diameter.  For  the  actual  mills  maiticned  in  Table 
1,  the  analysis  has  been  done  considering  a  liner,  the  thickness  of  which  is  twice  that 
of  the  shell.  The  output  dlspalacements  and  stresses  have  been  computed  on  the  basis 
that  the  raxUal  and  circumferential  inputs  are  uncorrelated. 

Many  of  the  actual  mills  do  not  have  dlaphragns.  But  there  are  quite  a  few  with 
dlapSTragns  [2].  The  dlapharagns  are  annular  circular  p)late8  typically  at  20SK  and  of 
the  length  of  the  mill  dividing  it  into  three  ccnpaidments.  Ihe  first  ccmpartment  has 
cylpebs  of  mean  diameter  65  nm  ,  the  second  45  mn  and  the  third  35  mu,  so  that  the 
effective  diameter  works  cut  to  45  mn.  For  the  pressit  analysis,  a  dlap>hragn  has  been 
assimed  to  exist  at  I/3  span  c«f  the  cylindrical  portion  and  its  effect  has  been 
simulated  by  arresting  displacemaits  in  all  three  mutual  perpaxilcular  directions.  This 
simplifying  assunptlan  need  not  necessarily  be  true. 

Big. 8  show  the  variation  of  stress  along  the  lei^h  of  the  mill  for  cne  of  the 
actual  mills  mentioned  in  Tkble  1.  Steel  balls  of  47  nm  dla.  have  been  assimed  for  the 
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calculatiais .  These  stress  values  have  been  plotted  for  the  cases  of  diaphragm  present 
and  absent. 

8.  CONCLUSION 

The  clrcunferentlal  and  the  meridional  stresses  computed  by  casslderlng  the  static 
asymnetrlc  loading  of  the  grinding  media  are  found  not  to  exceed  a  maxlmun  value  of 
around  30  N/nm'^even  for  the  lar^st  mill  [3]  assuning  the  main  shell  alcne  to  take  the 
load.  Since  the  liner  which  Is  ccncajtrlc  with  the  shell  also  contributes  to  the 
strength,  its  thickness  should  also  be  accounted  for  in  the  analysis.  If  this  is 
taken  into  account.  It  Is  likely  that  the  maxiimm  stress  level  nay  go  down  by  about 
cne-sixth  of  the  original  value  (imersely  proportional  to  the  square  of  the  effective 
thickness)  and  this  will  then  be  around  5  H/tatr.  IM-s  value  gives  an  impression  of  the 
mill  being  grossly  overdesigned.  But  from  Fig.8  It  is  observed  that  the  maximum  dynamic 
stress  computed  due  to  the  random  loading  when  the  mill  does  not  have  diaphragns  can 
reew:h  a  value  as  higt^  as  115  tf/nor-  However,  maW  practical  mills  of  large  spans  have 
d^Aphragns.  Thf;  introductlon^of  diaphragns  as  seen  from  the  same  figure  brings  down  the 
values  substantially  (30  N/tim'^).  However,  Introdxictlon  of  the  diaphragns  has  been  assun 
ed  to  result  in  zero  deformation  in  all  the  three  directions  mutually  at  right  angles. 
Probably  this  is  an  over  simplification  of  what  is  really  happening  in  practice.  This, 
in  the  authors'  opinion,  is  to  be  re-examined. 
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TABLE  1 


DIMEMSIONS  OF  TYPICAL  BALL  MILLS  (ran. ) 


"lype 

^1 

^1 

^2 

^2 

t 

1 

185 

225 

608 

5400 

16 

2 

295 

330 

910 

8000 

24 

3 

470 

46o 

1217 

10800 

34 

4 

658 

610 

1522 

13500 

44 

5 

750 

800 

1825 

16200 

50 

TABLE  2 

FBEDICTED  FBESSURES  FDR  TYPICAL 
INDUSSTRIAL  MILLS 


Predicted  rms 
Mill  Reccmnended  pressure  for  47 

Type  Span  operating  ran  balls  (N/rar.^) 

IgCran)  speed  (rpm)  ftidlal  Circum¬ 
ferential 


TABLE  3 

COMPUTATION  TIME  FDR  DYNAMIC  RESPONSE 
TO  UNIT  LOAD  SINiA; 

size  ot  No.  of  Time 
the  sectors  (cpu 
problem  considered 

Actual  mill  5'WxlOb  5  Zgo" 

Model  mill  360x78  3  155 


TABLE  4 

NATURAL  FRFJ3UENCIES  OF  TYPICAL 
industrial  BALL  MILLS 


5*  16200 
Model  225 


.8 

24.4 

18.9 

17.2 

17.2 

65.3 


Liner  included 


15. 

22.39 

435 


0.0106' 


0.01631 

0.01^1 

0.01280 


0.00250 
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ABSTRACT 

A  common  method  of  detecting  a  discrete  acoustic  emission  source  is  by 
computing  the  time  difference  between  each  sensor  arrival  time.  A  three 
sensor  equilateral  triangular  array  is  often  used  to  locate  sources  in  two 
dimensional  cases.  However,  this  arrangement  can  create  false  source 
locations. 

Experiments  were  carried  out  to  find  a  possible  sensor  array 
configuration,  that  would  reduce  the  ambiguity  in  source  location.  Various 
three  sensor  array  configurations  were  used,  while  keeping  the  sampling  rate, 
trigger  level  and  gain  constant . 

Results  indicated  that  a  scalene  (having  unequal  sides)  triangular  array 
configuration  provided  accurate  locations  with  the  least  amount  of  ambiguity 
and  no  false  source  locations. 

INTRODUCTION 

The  acoustic  emission  (AE)  technique,  of  nondestructive  testing,  detects 
stress  waves  which  have  been  emitted  within  or  on  the  material  surface.  The 
AE  technique  has  many  advantages  ,  since  it  is  capable  of  detecting  dynamic 
processes ( 1 ) .  The  source  of  energy  released  is  within  the  test  object  and 
does  not  need  to  be  supplied.  Acoustic  emission  sensor  arrays  can  also  detect 
sources  from  any  direction  on  the  test  object  without  depending  on  prior 
knowledge  of  probable  location. 

In  order  to  be  able  to  locate  acoustic  emission  sources  an  array  of 
sensors  are  placed  on  the  surface  of  the  test  object  to  form  a  monitoring 
region.  The  arrival  times  of  stress  waves  at  each  sensor  is  noted,  and  the 
source  is  located  by  the  difference  in  arrival  times.  At  least  three  sensors 
are  required  to  locate  sources  in  a  two  dimensional  case.  Additional  sensors 
can  be  added  to  reduce  the  ambiguity  in  source  location,  however  increasing 
part  and  instrumentation  costs.  Only  the  three-sensor  array  is  discussed  in 
this  paper. 
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The  ability  to  accurately  locate  acoustic  emission  sources  is  an 
important  area  of  nondestructive  evaluation.  The  NDE  methods  need  to  be 
improved  to  lower  the  margin  of  error  and  the  false  locations.  The  major 
additional  problem  today  is  source  location  in  non-isotropic  materials  such 
as  engineering  composites  structures.  This  paper  provides  results  to 
experiments,  with  three  sensor  array  configurations  as  shown  in  Fig.  1,  which 
were  conducted  to  find  configurations  that  provide  the  least  number  false 
source  locations. 

THEORY 

Consider  three  sensors  on  a  plate  as  shown  in  Fig. 2.  Assume  isotropic 
conditions  where  the  shear  wave  from  an  acoustic  emission  source  travels  at 
a  constant  velocity,;^.  Where  G  is  the  shear  modulus  of  elasticity  and ^ is 
the  mass  density.  The  sensor  arrival  sequence  is  marked  1,2,3  as  shown  in 
Fig. 2.  The  respective  distances  between  sensors  and  sources,  and  the  angles 
are  also  noted.  The  time  difference  measurements  would  be  between  second  and 
first  sensors  and  third  and  first  sensors  (Eqs.l  and  2).  Figure  3  shows 
typical  signals  and  the  respective  arrival  times. 


(1) 


Fig.l  Triangular  sensor  configurations  used,  (a)  equilateral, 
(b)  30*  isosceles,  (c)  l(f  isosceles,  (d)  120*  isosceles,  (e) 
scalene. 


Fig. 2  Generic  sensor  configuration. [1] 
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is  given  by  the 


The  distance  from  source  to  reference  sensor,  S,  , 
following  equations  [1] 


L(soujrcatoS^)^_j-  ^  ( A Cj  v+Ui COS JAffi(e-ei)  ) 


(3) 


Di-Aciv^ 

L < source 2  (A V+Oj COSINE (63 -0)  ) 


(4) 


where,  V  is  the  velocity  of  the  shear  wave,  determined  experimentally. 

Equations  (3)  and  (4)  are  equations  of  a  hyperbola  and  can  be  solved 
simultaneously  to  find  the  source  location  from  the  first  hit  sensor.  The 
solutions  to  these  equations  very  often  provides  two  solutions  4) ,  both 
of  which  satisfy  the  input  conditions.  It  is  not  possible  to  distinguish  the 
true  source  from  the  false  source  without  further  information. 


Fig. 3  Typical  signals  showing  arrival  times. 


Fig. 4,  Intersection  of  hyperbolae  giving  rise  to  two  source 
locations . 
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In  determining  the  time  difference  measurements  in  Eqs.  (1)  and  (2)  it  is 
possible  to  use  sensors  2  and  3  as  the  first  hit  sensors  instead  of  sensor  1. 
This  would  require  changing  the  input  data  (angles  and  distances)  in 
equations  (3)  and  (4) .  For  example  by  using  sensor  2  as  the  reference  sensor 
Eqs. (1)  and  (2)  become 


A  tj=  tj 


(5) 


Atj=t3-tj 


(6) 


The  arrival  times  used  in  these  equations  are  the  same  as  those  used  Eqs. (1) 
and  (2)  .  It  can,  therefore,  be  seen  that  for  a  given  acoustic  emission  (3 
arrival  times)  Eqs. (3)  and  (4)  can  be  solved  three  separate  times,  yielding 
three  possible  source  locations.  This  method,  as  wil  be  seen,  improves  the 
accuracy  of  source  location  for  scalene  sensor  array  configurations. 

EXPKRZMRrF 

Experiments  were  carried  out  on  a  1219.2  X  457.2  mm  aluminum  plate.  Four 
Valpey-Fisher,  VP-1093,  pinducers  were  used  in  the  experiments.  One  was 
located  next  to  the  AE  source  as  a  trigger  sensor  to  activate  the  signal 
analyzer.  The  pinducers  used  were  broadband  transducers  with  a  flat  frequency 
response  to  1.4  MHz.  These  transducers  were  mounted  on  the  aluminum  plate  by 
coupling  wax.  A  4-channel  Data  Precision,  Data  6100,  waveform  analyzer  was 
set  at  25,000  samples  per  second  sampling  rate.  A  Te)ctronix,  model  AM  502, 
amplifier  was  set  at  a  23  dB  gain.  See  Fig. 5  for  experimental  set-up. 

An  artificial  acoustic  emission  source  was  used  to  carry  out  the  source 
location  tests.  A  brittle  fracture  or  pencil  lead  (Hsu-Nielson)  [3]  source  was 
used  with  a  0.3  mm  diameter,  and  HB  hardness  lead.  This  pencil  lead  source 
was  usd  because  it  provided  an  easily  reproducable  signal . 

The  various  sensor  array  configurations,  in  Fig.l,  were  set  up  and 
pencil  lead  brea)cs  were  performed  at  different  points  on  the  aluminum  plate. 
These  lead  brea]c  points  were  mapped  and  the  arrival  times  at  the  three 
sensors  were  recorded.  These  arrival  times  along  with  the  angle  and  distance 
data  are  input  into  an  iterative  computer  program,  that  iterates  Eqs. (3)  and 
(4)  until  the  absolute  difference  between  them  is  under  a  tolerance  of  1.0 
mm.  If  this  tolerance  limit  is  not  satisfied,  then  no  solution  is  found  for 
the  input  arrival  times.  The  output  data  is  then  mapped  to  determine  the 
accuracy  of  the  solutions 


Fig. 5  Experimental  setup 
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KSSOLTS  MO  COHCLOaXOH 

As  can  be  seen  from  Fig. 3  the  arrival  times  of  the  signals  are  fairly 
easy  to  find,  however  with  a  sampling  rate  of  only  25  KS/s  the  possible  error 
is  40  us[l].  This  error  is  rather  large  and  could  produce  upto  a  90  mm  error. 
It  is  interesting  to  note  that  the  experimental  errors  were  much  less  than  90 
mm  for  the  scalene  triangle.  This  error  should  be  reduced  by  using  systems 
with  higher  sampling  rates. 

The  results  of  some  of  the  experiments  are  shown  in  Table  1.  and  Fig. 6. 
These  results  show  that  the  eguilateral,  10*and  30^isoceles  triangluar  arrays 
located  two  sources  within  4  mm,  however  these  same  good  results  produced 
false  sources.  All  initial  source  locations  for  the  equilateral,  10* and  3Cr 
isosceles  triangular  arrays,  were  found  using  sensor  1  as  the  reference 
sensor  as  shown  in  Fig. 6.  When  the  reference  sensor  was  changed  to  sensor  2 
and  3  very  few  solutions  were  achieved,  for  the  isosceles  triangular 
configuration,  by  the  iterative  program.  The  solutions  were  mapped  and  the 
area  where  source  locations  were  within  50  mm  from  the  actual  source  were 
found.  This  area  as  shown  in  Fig. 7  is  the  effective  source  location  area.  As 
the  arrays  were  changed  from  the  equilateral  to  the  30*  and  10*  isoceles 
configurations  the  effective  source  location  area  got  thinner,  but  streched 
further  away  from  sensor  1  as  shown  in  Fig.  7. 


Table  1 .  A  few  of  the  actual  and  calculated  sources  with  an 
equilateral  sensor  array  configuration.  This  table  shows  the  two 
hyperbolae  intersections  as  source  1  and  source  2.  Refer  to  Fig. 6. 


Sample  ^ 
No. 

Actual  values 
from  REF  at 

Sensor  A 

Source  1 

Source  2 
(False  Source) 

Distan- 

Angles, 

- 1 

Distant 

Angles, 

Distan- 

Angles, 

ce, 

ce. 

ce. 

mm 

degrees 

mm 

degrees 

mm 

degrees 

129.40 

90 

107.44 

104.85 

113.23 

107.71 

219.96 

90 

219.71 

90.52 

96.77 

270.31 

279.40 

90 

283.46 

90.01 

157.73 

270.01 

127.0 

35 

183.64 

44.11 

- 

203.20 

70 

275.60 

79.64 

- 

- 

•iW 


•J* 

Fig. 6  Source  location  of  equilateral  sensor  array  from  Table 
1.  True  and  false  sources  are  shown  for  the  solutions. 
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The  scalene  triangular  array  provided  different  results  from  the 
equilateral  or  the  isoceles  arrays.  Although  the  scalene  configuration 
located  sources  from  20  to  70  mm  of  the  actual  source,  it  did  not  prodneo  any 
falaa  aouraas  (see  Table  2.  and  Fig. 8).  The  scalene  array  configuration  also 
provided  three  sets  of  solutions  (A,B,C)  for  every  source  by  changing  the 
reference  sensor,  as  seen  in  Table  2.  It  can  be  seen  from  Fig. 8  that  the 
three  solutions  generally  formed  close  groups.  The  actual  source  would 
generally  be  close  to  the  average  distance  of  the  three  solutions.  There  are, 
however,  places  of  uncertainity  where  the  three  solutions  are  widely 
seperated  <5a,5b,5c). 


Table  2.  This  table  shows  some  of  the  actual  and  calculated  source 
locations  calculated  for  the  scalene  configuration  with  reference 
sensor  A.  Refer  to  Fig. 8. 


Sample 

No. 


Actual  values 
from  REF  sensor 

_ h _ 

Experimental 
values  from  REF 

A 

Distan¬ 
ce,  R. 

Angle, 

Distan- 
ce,  R, 

Angle, 

nun 

Deg 

mm 

Deg 

152.4 

120.0 

180.09 

146.7 

152.4 

120.0 

185.4 

150.0 

152.4 

120.0 

190.5 

146.0 

203.2 

110.0 

271.8 

104.8 

203.2 

110.0 

236.2 

118.0 

203.2 

110.  0 

279.4 

109.0 

304.8 

110.0 

271.8 

104.8 

304.8 

110.0 

266.7 

108.0 

304.8 

110.0 

279.4 

109.0 

431.8 

110.0 

455.9 

113.4 

431.8 

110.0 

457.2 

114.0 

431.8 

110.0 

477.5 

114.0 

The  120° Isosceles  array  configuration  tests  provided  ambiguous  results, 
since  the  configuration  approaches  a  linear  configuration.  It  was  also  noted 
that  all  configurations  produce  ambiguous  results  when  the  sources  were 
within  70  mm  from  any  sensor. 

In  summary  although,  the  equilateral  30* and  ICT isosceles  arrays  produced 
accurate  results  within  the  zone  location  area,  false  sources  are  also 
located.  The  scalene  triangular  array  on  the  other  hand,  had  source  locations 
that  were  not  very  accurate,  but  did  not  produce  false  sources.  The  source 
location  can,  however  be  improved  by  using  an  analyzer  with  a  faster  sampling 
rate.  A  sampling  rate  around  100  KHz  could  significantly  improve  the  accuracy 
of  the  scalene  configuration  to  within  a  10  mm  circle  of  uncertainity . 
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ABSTRACT 

In  the  course  of  engineerins  structures  laintenance  noise  signals  lay 
occur  as  a  consequence  of  technological  equipient  loading,  or  signals, 
eiitted  by  special  generators  -gauges.  Ceneration  and  propagation  of 
■icrodefects  in  the  fori  of  cracks  and  disruption  of  eleients  connecting 
contacts  in  structural  units  are  possible  in  the  caurse  of  dynaiic 
loading. 

Identification  algorithis  are  based  on  usage  of  noise  signals 
lultiparaietric  analysis.  The  signals  could  be  classified  into  2  groups: 
signals,  generated  by  outer  noise  sources,  and  signals,  eiitted  by  defects 
and  daiages  theiselves.  The  experiients  proved,  that  various  non-linear 
effects  and  transforiations  of  noise  signals  and  their  spectrui.  detected 
in  separate  space  and  tlie  points,  are  very  iiportant. 


Irreversible  structure  lodifications  processes  and  brittle  failure  in 
Structurl  laterials  take  place  as  a  result  of  local  defects  accuiulation. 
Such  processes  generate  at  the  starting  stage  of  plastic  deforiation  and 
develope  together  with  licro-  and  lacrocracks  coiplex  propagation,  ending 
abruptly  by  catastrophic  failure.  Such  phenoiena  investigation  is  of  soie 
Interest  froi  the  acoustic  point  of  view,  as  various  structural  defects  in 
laterlal  produce  different  nonlinear  effects  in  acoustic  waves  propagation 
in  solid  deforied  lediui.  Besides,  defects  generation  and  accuiulation 
zones  in  lediui  also  deionstrate  theiselves  as  inner  sources  of  acoustic 
noise  -  acoustic  eiission  (AE).  Defected  zones  generation  and  propagation 
in  laterlal.  produced  by  outer  loads,  have  stochastic  nature,  which  is 
correspondingly  reflected  in  statistical  regularities  of  acoustic 
detection  and  ranging  signals  paraietric  changes.  Both  statistical 
paraieters  and  acoustic  non-linearity  effects  are  identification  features 
for  largins  between  faults  developient  stages. 

The  perforied  investigations  contain  lethods  and  results  for  the 
following  probleis  solution: 

-  spectrui  distortion  degree  coiparsion  for  active  detection  and 
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ranging  of  defoned  ledia  bg  regular  and  noise  acoustic  signals; 

-  interaction  of  acoustic  naves  with  various  spectral  characteristics 
alongside  uith  non-linear  deforiatlon  propagation; 

-  cracks  acoustic  eiission  probabalistic  characteristics  at  defoned 
lediui  failure  stages; 

-  acoustic  eiission  signals  spectrui  change  analysis  at  vaious  stages 
of  non-linear  deforiatlon  and  failure  propagation; 

-  defects  detection  in  structures  for  failure  conditions  prevention. 

The  experiiental  researches  have  been  carried  out  using  special 

laboratory  testing  beds,  as  well  as  in  situ.  The  insitu  experiients  have 
been  carried  out  on  soil  lasses  and  engineering  structures  and  structural 
eleients.  failed  in  the  course  of  the  Spitak  earthquake  in  flrienia. 
Diagnostics  of  structures,  failed  during  the  earthquake,  covered  lasonry 
dwellings  and  industrial  buildings  lade  of  precast  reinforced  concrete  and 
letal  eleients. 

The  first  experiiental  series  contains  laterials  investigation  under 
the  conditions  of  rather  low  level  of  non-linear  deforiatlon;  it  was 
connected  with  non-linear  acoustic  effects  analysis  in  plastically 
defoned  laterials.  These  researches  allowed  to  ascertain  that  in  the 
course  of  plastic  deforiatlon  propagation  advancing  dislocations  stiiulate 
generation  of  AE  signals  stationary  flow  in  the  fori  of  narrow  -band  noise 
pulses  coiplex,  paraieters  of  which  do  not  have  considerable  fluctuations. 
And  by  the  AE  signals  appearance  loient  discreteness  it  could  be  concluded 
that  dislocational  loveient  is  abrupt,  but  not  in  the  fori  of  siooth 
continuous  displaseient.  The  other  experiiental  series  was  dedicated  to 
the  investigation  of  additional  ultrasonic  action  influence  effect  on  non¬ 
linear  ly  defoned  laterial.  This  stiiulated  dislocational  loveient 
activization.  The  abnorial  acoustic  phenoiena  investigations  were  carried 
out  under  the  conditions  of  various  spectral  characteristics  of  outer 
ultrasonic  transducers  and  non-linear  deforiatlon  levels.  So,  for  exaiple. 
considerably  powerfull  narrow  -banded  noise  pulses  action  on  plastically 
defoned  laterials  produced  non-linear  spectrui  distortion  in  the  fori  of 
its  laxiiui  displaceient  to  the  region  of  lower  frequencies  and  irregular 
power  redistribution  to  both  spectrui  wings.  The  influence  of  outer  static 
loading  and  acoustic  influence  were  studied  within  dislocation  lodel  of 
Frenkel-Kontorova.  At  the  beginning  so  far  as  outer  acoustic  action 
oscillation  is  increased,  oscillators  networks  undergo  non-linear 
distortions,  the  spectrui  is  enriched  by  the  highest  harionics,  but  the 
process  reiains  periodical.  Then  the  periodicity  is  disturbed  by  atois 
ligration  froi  one  potential  field  into  another;  new  spectrui  coiponents 
are  generated.  At  last  subharionics  lass  generation  takes  place,  as  well 
as  all  possible  heterodyne  frequencies,  that  is  a  transition  into  the 
randoi  frequencies  lode  is  observed. 

Acoustic  phenoiena  investigations  in  letal  and  reinforced  concrete 
structures  were  carried  out  under  static  and  dynaiic  loading  applied  up  to 
coiplete  failure  stage.  The  experiients  provided  for  organization  of 
lultichannel  lonitoring  of  acoustic  signals  in  tensile  and  coipressive 
stressed  zone,  as  well  as  for  differences  definition  of  acoustic  spectra 
non  -linear  transforiation  zones. 

Even  at  the  starting  stages  of  non-linear  deforiations,  corresponding 
to  not  less  than  15  Z  of  breaking  load,  narrowbanded  noise  signals  of 
active  detection  and  grading  were  lonitored,  which  had  the  aiplitude  and 
spectral  lines  width  of  high-frequency  harionics  higher,  than  of  the  first 
one.  But  such  widening  was  liiited  by  the  distance  to  the  transducer  of  no 
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lore  than  1  i.  Hith  further  increase  of  non  -linear  deforiation  the 
siiilar  effect  was  observed  in  the  coipressed  zone  at  0.  5  -  0.7  i 
distance,  and  there  was  a  20  -  25  2  increase  of  the  second  hanonics  pouer 
in  the  liiited  frequency  band.  But  in  tensile  zone  the  second  harionics 
power  increase  did  not  exceed  17  -  20  Z.  Hhen  the  loading  reached  60  -  65 
X  of  the  breaking  one.  the  second  harionics  power  increased  2,7-3  tlies 
coipared  to  10  -  IS  Z  of  breaking  load  power  level. 

In  the  course  of  reinforced  concrete  beai  detection  and  ranging  by 
wide  -band  noise  there  is  irregular  power  redistribution  froi  the  central 
part  of  the  spectrui  to  the  region  of  low  and  high  frequences  depending  on 
the  sign  and  non-linear  deforiation  obsolute  value,  as  well  as  distance  to 
the  transducer.  Hhen  the  distance  to  the  transducer  is  increased,  there  is 
decrease  and  redistribution  of  power  in  spectrui  high-  and  low-frequency 
zones.  On  coipressed  parts  of  the  laterial  the  power  of  the  spectrui  high 
-frequency  wing  is  1.6  -  1.8  tiies  greater  than  of  signal  spectrui  in  the 
tensile  part.  Besides,  soie  frequency  range  narrowing  of  wide-band  noise 
signals  spectrui  was  observed  in  laterial's  parts  under  tensile  stresses. 

The  experiients  on  non-Iinearly  deforied  reinforced  concrete  beai 
also  showed  that  under  interaction  of  regular  waves  and  noise,  generated 
in  one  direction  by  two  parallel  transducers,  power  redistribution  to  the 
higher-frequency  zone  takes  place  sliultaneously  with  new  spectrui  zones 
foriation  and  power  decrease  In  lonoharionic  coiponent  of  the  spectrui.  In 
noise  coiponent  there  is  also  power  redistribution  to  low-frequency  and 
high  -frequency  zones  when  the  distance  to  the  transducer  increases.  The 
increase  of  the  distance  to  the  transducer  is  accoipanied  by  power 
dispersion  in  the  spectrui  with  high-frequency  coiponent  increase  only  in 
coipressed  zone.  In  tensile  stress  zone  there  is  a  spectrui  laxiiui  shift 
to  the  lower  frequencies  zone  together  with  power  decrease,  which  also 
depends  on  relative  deforiation  level. 

Non-linearly  deforied  solid  ledia  evolution  could  be  represented  as 
successive  stages  of  irreversible  destructive  processes,  with  acoustic 
eiission  (AE)  signals  as  indications  of  their  developient.  Such  process 
and  larglns  between  its  separate  stages  could  be  analized  by  the 
appearance  of  characteristic  non-linear  transforiations  in  eiission 
signals  spectra.  In  AE  signals  spectra  there  are  non-linear  distortions  in 
the  fori  of  local  extreies  on  subharionic  frequencies  with  their  doubling 
effect  and  the  fallowing  spectrui  reorganization  into  the  noise  one  In  the 
low-frequency  wing  before  abrupt  failure.  In  all  cases  extreies  appearance 
on  new  frequencies  was  connected  with  the  beginning  of  the  local  defects 
interaction  stage,  and  the  noise  spectrui  foriation  identified  the  abrupt 
failure  start.  Hon-1 inear  spectra  transforiations.  found  in  the  course  of 
experiients.  allowed  to  suppose  that  in  the  eiission  process  developient 
there  is  a  certain  analogy  with  bifurcational  transition  to  randoi  stage 
accourding  to  Feigenbaui  pattern  or  coibinatorial  subharionic  coiponents 
foriation  in  the  spectrui.  The  AE  pulses  flow  could  be  siiulated  as  randoi 
transition  process  coiplex  in  connected  non-linear  oscillations.  The 
coiputer-aided  experiients  using  this  lodel  proved  randoi  transition  lode 
in  the  fori  of  bifurcations  stage. 

The  investigations  allowed  to  establish  acoustic  spectra  nonlinear 
transforiations  not  only  by  active  lediui  detection  and  ranging,  but  also 
AE  signals,  eiitted  by  growing  defects.  Non-linear  spectral  distortions 
observed  in  the  course  of  physical  experiients  and  coiputeraided 
siiulations  recognize  quantitative  differences  in  failure  stages.  This 
provides  for  identification  of  destructive  processes  separate  stages  in 
order  to  prevent  failure  catastrophic  stages. 
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ABSTRACT 

This  paper  investigates  the  possibility  of  using  vibration  signals  to 
detect  failure  of  a  multi-insert  face  mill.  Tests  were  performed  using  a 
three-insert  face  mill  to  machine  a  standard  workpiece.  Cutting  inserts  with 
known  amounts  of  edge  fracture  or  wear  were  used,  in  various  combinations, 
during  the  milling  process.  The  resulting  vibration  signals,  obtained  both  on 
the  workpiece  and  the  clamping  fixture,  were  analysed  to  determine  both  the 
type  and  severity  of  insert  failure  that  can  be  recognized  using  various 
signal  analysis  methods.  It  is  shown  that  both  edge  fracture  and  wear  can  be 
detected,  albeit  with  varying  degrees  of  confidence. 

INTRODUCTION 

A  major  component  of  any  effort  to  develop  intelligent  and  flexible 
automation  systems  must  be  the  concurrent  development  of  automated, 
diagnostic  systems  to  handle  machinery  maintenance  and  process  control 
functions.  In  the  short  term  such  systems  promise  major  gains  in  productivity 
and  product  quality.  In  the  longer  term,  such  diagnostic  systems  are  one  of 
the  enabling  technologies  for  the  "lights  out"  factory. 

An  important  element  of  the  automated  process  control  function  is  the 
real-time  detect]  n  of  cutting  tool  failure,  including  both  wear  and  fracture 
mechanisms.  The  ability  to  detect  such  failures  "on-line"  would  allow 
remedial  action  to  be  undertaken  in  a  timely  fashion,  thus  ensuring 
consistently  high  product  quality  and  preventing  potential  damage  to  the 
process  machinery.  Of  all  the  metal  removal  processes  employed  in  industry, 
by  far  the  most  prevelant  are  those  of  drilling  and  milling. 

A  number  of  researchers  [1,2]  have  investigated  the  potential  for 
on-line  diagnosis  of  drill  failure  (particularly  drill  breakage)  and  several 
commercial  systems  are,  in  fact,  presently  available. 

However,  far  less  emphasis  has  been  placed  on  the  real-time  detection  of 
milling  cutter  failure.  For  this  reason  the  present  study  will  focus  on 
milling  operations,  particularly  that  of  face-milling. 

The  basic  premise  of  any  automated,  real-time  tool  condition  monitoring 
system  is  that  there  exists  either  a  directly  measurable,  or  a  derived 
parameter,  which  can  be  related  to  advancing  tool  wear  and/or  breakage. 
Obviously  the  most  desirable  monitoring  system  would  be  capable  of  detecting 
both  types  of  failure  successfully. 

In  the  ideal  case,  the  system  should  be  able  to  detect  levels  of  wear 
well  below  those  at  which  the  tool  would  have  to  be  replaced,  and  should  also 
be  sensitive  to  relatively  small  changes  in  the  level  of  wear.  The  latter 
characteristic  would  provide  the  system  with  the  potential  to  "trend"  the 
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wear  pattern  and  predict  the  amount  of  useful  life  left  in  the  tool 
(allowable  wear  limit  reached) . 

With  respect  to  tool  fracture,  the  system  should  be  able  to  detect  both 
small  fractures,  "chipping”  phenomena,  and  catastrophic  failure  of  a  tool. 
Although  prediction  of  such  failures  would  be  desirable,  it  is  problematic 
whether  this  is  a  practical  goal,  at  least  in  the  near  future,  ’’he  number  of 
variables  which  determine  the  actual  occurrence  of  tool  fracture  together 
with  their  complex  interactions,  and  in  many  instances  their  underlying 
stochastic  nature,  make  reliable  prediction  capabilities,  at  best,  a 
long-term  prospect  in  tool  monitoring  systems. 

A  number  of  parameters  have  been  studied  to  determine  their  suitability 
as  indicators  of  cutting  tool  failure  including  cutting  forces  [3,4],  spindle 
motor  current  [5],  acoustic  emissions  [6],  and  noise  [7].  These  methods  have 
achieved  varying  degrees  of  success. 

An  additional  parameter  which  has  a  number  of  practical  advantages  is 
vibration.  Accelerometers,  the  transducers  most  often  used  for  the  vibration 
measuring  task,  are  small,  rugged,  reasonably  inexpensive,  and  easily  mounted 
near  the  cutting  process.  In  addition,  they  are  available  with  various 
sensitivities  and  frequency  response  ranges. 

Research  carried  out  by  Mehta,  Pandey  and  Chakravarti  [8]  and 
Grieshaber,  Ramalingam  and  Frohrib  [9]  has  indicated  that  vibration  signals 
certainly  could  form  the  basis  of  a  tool  condition  monitoring  system  for 
face-milling  operations.  However,  this  work  was  carried  out  for  a 
single-tooth  mill  which  is  not  particularly  representative  of  the 
multi-insert  face-mills  actually  employed  in  industry. 

OBJECTIVE 

The  objective  of  the  present  study,  then,  is  to  investigate  the 
possibility  of  using  vibration  signals  generated  during  interrupted 
face-milling  to  detect  tool  failure  on  multi-insert  milling  cutters. 

This  paper  will  report  on  the  methodology  and  initial  results  of  cutting 
tests  employing  inserts  with  known  degrees  of  wear  or  breakage.  Preliminary 
analyses  of  these  signals  in  the  time  and  frequency  domains  will  also  be 
presented.  The  results  of  more  involved  analyses  and  the  development  of 
strategies  for  automated  recognition  of  these  failure  signals  will  Ise 
presented  in  future  work. 

METHODOLOGY 

The  experimental  studies  were  carried  out  using  a  3hp  vertical  milling 
machine.  The  cutting  tool  was  a  3.8lcm  diameter,  three  insert,  face-mill 
employing  Carboloy  TPG-322E  grade  370  tungsten  carbide  cutting  inserts.  The 
"standard"  workpiece  was  a  mild  steel  plate  with  a  length  of  30.5cm,  a  height 
of  15.2cm,  and  a  width  of  1.3cm. 

While  cutting,  the  mill  traversed  the  length  of  the  workpiece  performing 
an  Interrupted,  symmetric  cut.  See  Figure  1.  The  actual  cutting  conditions 
used  are  shown  in  Table  1. 

The  vibration  generated  during  milling  was  measured  at  two  locations:  on 
the  workpiece  itself,  and  on  the  workpiece  clamp  (the  more  practical  location 
from  an  Industrial  application  point  of  view) .  The  location  of  each 
accelerometer  and  its  measurement  axis  is  shown  in  Figure  2.  The  vibration 
signals  were  tape  recorded  for  later  analysis  in  the  laboratory. 

Recognizing  that  changes  in  the  structural  dynamic  characteristics  of 
the  machine-tool-workpiece  system  (MTWS)  would  also  result  in  changes  to  the 
vibration  signal  generated  during  milling,  it  was  decided  to  minimize  this 
effect  as  much  as  possible  during  the  cutting  experiments.  This  was  done  by 
fixing  the  three  dimensions  shown  in  Figure  3.  Thus  the  tool-spindle 
projection,  HI,  the  height  of  the  table  above  the  machine  base,  H2,  and  the 
height  of  the  workpiece  above  the  clamp,  H3,  were  kept  fixed  during  each  cut. 
This  approach  is  consistent  with  the  "real  life",  high  volume,  production 
machining  situation  since,  in  this  instance,  the  structural  dynamic 
characteristics  of  the  MTWS  would  not  be  expected  to  change  significantly 
during  the  milling  cycle  on  each  new  (nominally  identical)  workpiece. 

Since  it  was  desired  to  determine  the  potential  for  recognizing  both 
wear  and  fracture  failures  of  the  milling  inserts,  two  sets  of  tests  were 
run. 
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Figure  3.  Dimensions  fixed  during 
all  milling  tests. 


Figure  2.  Test  set-up 


Table  1.  Cutting  conditions  used 
in  milling  tests. 


Depth  of  Cut; 

1.0mm 

Fee  Rate: 

0 . ISmm/tooth 

Cutting  Speed: 

180n/min. 

Engagement  Angle: 

39.8* 

The  first  series  of  tests  consisted  of  milling  cuts  made  using  various 
combinations  of  worn  and  sharp  inserts  in  the  three-insert  cutter.  The  worn 
inserts  were  obtained  by  machining  a  "wear  block"  under  very  light,  and 
non- interrupted,  machining  conditions,  thus  achieving  a  slowly  increasing 
amount  of  wear  (flank  wear  on  the  Insert)  with  minimal  chance  for  edge 
chipping.  If  chipping  did  occur  on  an  insert  it  was  discarded.  Once  the 
desired  flank  wear  had  been  obtained,  the  insert  was  put  aside  to  be  used 
subsequently  in  the  actual  Interrupted  face-milling  tests  performed  on  the 
standard  workpiece. 

In  the  second  series  of  tests  milling  cuts  were  made  using  various 
combinations  of  "fractured"  and  sharp  inserts  in  the  three-insert  cutter.  Due 
to  the  difficulty  in  obtaining  controlled  amounts  of  edge  fracture  during 
normal  machining  operations,  it  was  decided  to  simulate  fracture  of  the 
insert  using  electrical  discharge  machining  to  remove  a  controlled  eunount  of 
the  insert  cutting  edge.  This  is  shown  in  Figure  4.  The  dimension,  L,  is  used 
in  this  study  to  quantify  the  magnitude  of  the  edge  fracture. 
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Table  2.  Suiunary  of  failure  dimensions. 


Figure  4.  Simulation  of 

insert  fracture. 
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Table  3.  Hilling  cutter  configurations. 


Now  1 

Me.  2 

Me.  3 

G1 

Shorp 

Sharp 

Sharp 

62 

roM 

Sharp 

Sharp 

ej 

rdbd 

Sharp 

FoM 

G4 

FidM 
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Table  2  summarizes  the  magnitudes  of  wear  and  fracture  used  in  the 
experiments.  For  each  of  these  values,  four  cutter  configurations  were  used, 
as  shown  in  Table  3.  It  should  be  noted  that  for  those  tests  in  which  more 
than  one  "failed"  insert  was  used  (l.e.,  G3  and  G4),  the  inserts  always  had 
the  same  failure  dimensions. 

To  keep  track  of  a  particular  insert,  individual  insert  pockets  on  the 
milling  cutter  body  were  permanently  identified  as  "1",  "2",  and  "3",  in 
sequential  order.  Thus  the  insert  mounted  in  pocket  1  was  subsequently 
identified  as  Insert  No.  1,  etc.  In  those  tests  where  only  one  "failed" 
insert  was  used,  it  was  always  placed  in  pocket  2.  In  those  tests  where  two 
"failed"  Inserts  were  present,  they  were  always  mounted  in  pockets  1  and  2. 

RESULTS 

Although  measurements  were  made  both  on  the  workpiece  and  on  the  clamp, 
only  the  latter  will  be  presented  in  this  paper.  The  measurements  made  on  the 
workpiece  were  generally  of  greater  magnitude  and  of  slightly  different 
spectral  character,  but  indicated  the  same  trends  as  those  from  the  clamp 
location.  For  this  study  the  analyses  were  always  undertaken  using  that 
portion  of  the  vibration  signal  generated  during  the  middle  third  of  the 
cutting  cycle. 

Time  Domain  Analysis 

Fractured  Inserts.  Figure  5  shows  typical  acceleration  level  versus  time 
histories.  The  notation  along  the  time  axis  indicates  the  instant  at  which 
the  designated  Insert  engages  the  workpiece. 

Figure  5(a)  is  for  the  case  of  three  sharp  inserts.  Note  that  the 
engagement  of  each  insert  in  the  workpiece  is  clearly  evident  and  that  all 
engagements  share  similar  characteristics,  although  they  are  by  no  means 
identical.  This  is  consistent  with  recent  work  published  by  Johnston,  Richter 
and  Splewak  [10]  which  provided  strong  evidence  that  individual  inserts  on 
multi-insert  cutters  can  have  significantly  diverse  properties.  Generally, 
however,  the  case  of  three  sharp  inserts  would  be  easily  recognizable  from 
the  data  shown  in  Figure  5(a). 

Figure  5(b)  shows  the  resultant  acceleration  signal  for  the  coaUslnation 
of  two  sharp  inserts  and  one  insert  with  a  0.26mm  fracture.  The  sharp  inserts 
produce  signals  consistent  with  those  shown  in  Figure  5(a)  while  the 
fractured  insert  produces  a  significantly  different  output.  The  reduced 
output  level  for  the  fractured  Insert  is  a  result  of  the  much  smaller  depth 
of  cut  associated  with  this  insert.  Also,  the  rather  higher  vibration  levels 
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associated  with  the  Insert  following  the  fractured  Insert  is  apparent.  The 
nuch  higher  vibration  level  associated  with  the  insert's  dlsengageaent  fros 
the  workpiece  is  particularly  noticeable.  These  features  are  due  to  the 
increased  "effective”  depth  of  cut  associated  with  this  insert. 

The  results  for  other  nagnitudes  of  fracture  and  numbers  of  fractured 
inserts  are  basically  the  sane.  The  presence  of  a  fracture  is  readily 
detectable.  It  would  seen  from  the  tine  donain  data  available,  that  the  use 
of  either  an  "envelope  detection"  or  a  "threshold  crossing”  schene  would 
provide  the  ability  to  autonate  the  detection  of  tool  fracture  in  a 
nulti-lnsert  nilling  operation.  However,  it  is  not  yet  clear  whether  the  tine 
donain  signal,  on  its  own,  can  be  used  to  reliably  classify  the  actual 
nagnitude  of  the  fracture.  This  work  renains  to  be  done. 

Worn  Inserts.  The  acceleration-tine  histories  for  the  worn  inserts  do 
not,  in  general,  produce  the  noticeably  different  engagenent  signals  evident 
in  the  case  of  fracture.  However,  by  processing  the  data  in  a  slightly 
different  nanner  it  is  possible  to  detect  evidence  of  tool  wear.  j 

Figure  6  shows  the  anplitude  probability  density  (APD)  for  several  tool 
conditions.  This  distribution  shows  the  percent  of  tine  a  given  level  was 
present  within  the  sanple  period.  The  data  shown  is  for  eight  ensenblS 
averages . 

Figure  6(a)  is  for  three  sharp  inserts.  Note  the  essentially  synnetrid 
distribution.  For  the  conblnation  of  two  sharp  inserts  and  one  with  0.65nn 
flank  wear,  see  Figure  6(b) ,  the  APD  is  skewed  to  the  left  and  its  peak  valuei 
is  also  shifted  noticeably  fron  its  position  for  three  sharp  inserts.  Figure! 
6(c)  shows  the  results  for  three  inserts  with  0.65mm  flank  wear.  In  this  case 
the  peak  has  decreased  and  shifted  to  the  left  and  broadened  significantly.! 

It  thus  seems  possible  that  insert  wear  could  be  detected  using  such 
features  as  the  location  of  the  peak  in  the  APD,  the  magnitude  of  the  peak, 
and  the  area  under  specific  segments  of  the  distribution.  This  technique 
would  also  seem  to  hold  promise  for  fractured  inserts. 

Frequency  Domain  Analysis 

Frequency  spectra  were  obtained  for  the  various  tool  conditions.  All 
spectra  were  generated  using  eight  ensemble  averages  and  were  calculated  over 
a  bandwidth  of  0  to  20kHz  using  800  lines  of  resolution. 

In  many  cases  it  was  observed  that  the  level  of  the  spectral  peaks 
within  the  the  frequency  range  12  to  18kHz  was  affected  by  the  tool 
condition.  However  a  review  of  all  the  available  spectra  data  indicated  that 
this  change  in  spectral  level  did  not  always  occur  and  that  the  change  which 
did  occur  was  not  consistently  related  to  the  known  change  in  insert 
condition.  That  is,  an  increase  in  fracture  dimension,  or  wear,  did  not 
always  result  in  a  consistent  increase  (or  decrease)  in  a  particular 
frequency  band.  Thus,  although  such  frequency  spectra  may  well  provide  some 
indication  of  tool  failure  under  most  conditions,  it  seems  very  unlikely  that 


Figure  5.  Time  domain  data  -  insert  fracture.  -M  o  ♦*« 

ACCELERATION  (g) 


Figure  6.  Amplitude  probability 
density  -  insert  wear. 
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they  would  ever  be  able  to  provide  a  reliable  indication  of  the  particular 
magnitude  of  the  failure. 

It  was  recognized  that  one  reason  for  such  inconsistent  results  could  be 
the  lack  of  synchronous  averaging  when  acquiring  the  data  signal  to  be 
frequency  transformed. 

To  circumvent  this  problem  an  external  trigger  system  was  built.  It 
generated  trigger  pulses  which  were  keyed  to  the  engagement  of  each  of  the 
three  Inserts  with  the  workpiece.  The  trigger  pulses  generated  for  each 
Insert  were  recorded  on  separate  tape  tracks.  In  this  manner  a  given  pulse 
track  could  be  used  to  acquire  the  vibration  data  associated  with  a  specific 
insert  engagement  and  to  ensure  that  the  vibration  signal  was  completely  and 
consistently  captured  within  the  data  window  of  the  FFT  analyzer.  All  the 
frequency  spectra  discussed  in  this  section  employ  the  synchronous  averaging 
technique. 

Fractured  Inserts.  Figure  7  presents  an  example  of  the  synchronously 
averaged  spectra  obtained  for  the  combination  of  one  fractured  and  two  sharp 
inserts.  In  this  case  Insert  2  was  fractured  and  the  figure  presents  the 
spectra  obtained  for  each  of  the  eight  fracture  magnitudes  tested,  ranging 
from  0.13  mm  to  1.04  mm.  Recall  that  due  to  the  use  of  synchronous  averaging, 
the  spectra  shown  in  Figure  7(a)  (triggered  on  Insert  1  engagement)  are 
obtained  from  the  vibration  signal  generated  only  by  Insert  1  engagement.  In 
the  same  manner.  Figure  7(b)  represents  only  the  Insert  2  vibration  signal 
and  Figure  7(c)  represents  only  the  Insert  3  vibration  signal. 


TRIGGERED  ON  INSERT  1  TRIGGERED  ON  INSERT  2  TRIGGERED  ON  INSERT  3 
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Figure  7.  Frequency  domain  data  -  insert  fracture. 


Comparing  the  results  presented  in  these  figures,  the  presence  of  insert 
fracture  is  readily  apparent.  The  spectra  associated  with  the  fractured 
insert  are  significantly  different  from  those  obtained  from  the  two  sharp 
inserts . 

Interestingly,  for  small  fracture  dimension  (0.13mm  and  0.26mm)  the 
spectral  magnitude  Increases  in  the  range  15  to  iSlcHz.  This  is  likely  the 
result  of  the  specific  Insert  geometry  causing  significantly  more  energy  to 
be  generated  in  the  cutting  zone  at  these  high  frequencies.  Such  frequencies 
are  known  to  be  associated  with  metal  deformation/ shearing  processes.  The 
combination  of  an  increase  in  energy  a  these  high  frequencies  and  a  reduction 
in  energy  level  at  lower  frequencies,  could  serve  as  a  very  sensitive 
indicator  of  Insert  "chipping"  (loss  of  a  small  amount  of  the  cutting  edge). 

The  spectra  for  Insert  1  and  Insert  3  (both  sharp)  share  the  same 
general  characteristics.  However  since  Insert  3  follows  Insert  2  (the 
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fractured  Insert)  in  the  cutting  cycle  (see  Figure  5) ,  and  thus  has  a  greater 
effective  depth  of  cut  than  Insert  1,  the  spectra  associated  with  Insert  3 
have  generally  greater  magnitude  thsui  for  Insert  1. 

The  results  for  the  combination  of  two  fractured  and  one  sharp  insert 
are  similar,  with  the  fracture  condition  readily  apparent.  The  distinct 
differences  between  the  "sharp"  and  "fractured"  spectra  leave  little  doubt 
that  the  presence  of  fracture  can  be  reliably  detected.  However,  the  question 
remains  whether  a  method  can  be  found  to  use  this  data  to  reliably  quantify 
the  magnitude  (determine  the  severity)  of  the  fracture. 

Worn  Inserts.  Figure  8  presents  the  results  obtained  for  the  combination 
of  two  worn  and  one  sharp  insert.  To  begin,  notice  that  the  frequency  spectra 
associated  with  the  sharp  Insert,  Figure  8(c),  remain  consistent  with  those 
seen  earlier  during  the  fracture  tests  (see  for  example  Figures  7(a)  and 
(c) ) .  The  sharp  insert  spectra  are  also  basically  unchanged  for  increasing 
wear  dimensions  on  Inserts  1  and  2. 

The  worn  Insert  spectra  are  noticeably  different  from  the  sharp  insert 
spectra.  The  worn  insert  spectra  decrease  in  magnitude  at  lower  frequencies 
(0  to  4  kHz)  with  Increasing  flank  wear,  and  tend  to  increase  in  magnitude  at 
the  higher  frequencies  (15  to  18kHz)  with  increasing  wear.  Thus  it  would  seem 
likely  that  such  spectral  data  could  be  used  not  only  to  provide  an 
indication  that  flank  wear  is  present,  but  also  the  relative  magnitude  of 
that  wear. 


Quantitative  Fault  Features.  The  results  presented  earlier  indicate  that 
both  insert  fracture  and  wear  could  be  recognized  from  changes  in  the 
spectral  data  associated  with  insert  engagement  vibration  signals.  If  such  a 
technique  were  to  be  applied  in  an  automated  (computer  controlled)  diagnostic 
system  it  would  be  necessary  to  obtain  quantifiable  "features"  associated 
with  these  spectra,  that  could  then  be  manipulated  by  the  computer  in  such  a 
manner  as  to  provide  a  decision  making  mechanism. 

One  such  "feature"  might  be  the  area  under  the  spectrum  within  a 
particular  range  of  frequencies.  The  change  in  this  area  (or  areas,  if  more 
than  one  range  of  frequencies  is  employed)  could  then  be  related  to  the  wear 
(or  fracture)  dimension  on  the  insert. 

For  this  particular  exercise  it  was  decided  to  limit  the  features 
obtained  to  the  area  under  the  spectrum  within  the  15  to  18  kHz  frequency 
range.  This  was  called  the  Wear  Identification  Area  (Fracture  Identification 
Area  for  the  case  of  fracture) .  Figure  9  shows  the  Wear  Identification  Area 
(WIA)  curve  that  results  when  using  the  average  of  the  WIA  values  obtained 
for  the  wear  test  series  described  in  this  study. 

The  average  WIA  curve  shows  a  relatively  rapid  increase  in  value  until 
approximately  O.Smm  flank  wear  (at  which  point  the  WIA  has  reached 
approximately  three  times  the  value  for  a  sharp  insert)  after  which  it  begins 
to  decrease.  This  type  of  relationship  could  be  used  by  an  automated 
diagnostic  system  to  quantify  the  magnitude  of  flank  wear  present  on  a  given 
insert . 

Of  course  it  may  well  be  possible  to  enhance  the  reliabiliity  of  such  a 
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Figure  9.  Average  WIA  as  a  function  of  insert  wear. 

system  by  employing  HIA  values  based  on  additional  frequency  ranges  (such  as 
0  to  4  kHz) .  The  Fracture  Identification  Area  (FIA)  curve  could  be  generated 
and  used  in  a  similar  manner. 

CONCLUSIONS 

This  pacer  has  presented  preliminary  results  from  a  study  undertaken  to 
determine  if  vibration  signals  could  be  used  to  detect  the  failure  (edge  wear 
and  fracture)  of  cutting  inserts  on  a  multi-insert  face  milling  cutter. 

It  was  shorn  that  evidence  of  both  tool  fracture  and  flank  wear  can  be 
found  in  both  time  and  frequency  domain  analyses.  However,  it  is  also  noted 
that  when  employing  the  simple  analysis  methods  described  in  this  paper,  it 
is  not  possible  to  reliably  determine  the  actual  magnitude  of  the  tool 
failure  nor  to  distinguish  between  the  type  of  failure  (wear  or  fracture) 
that  has  occurred. 

Future  work  will  attempt  to  Identify  processing  methods  which  produce 
feature  vectors  capable  of  providing  both  quantitative  measures  of  tool 
failure  and  unambiguous  Indication  of  the  type  of  failure. 
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ABSTRACT 

The  report  is  about  laser  photoacoustic  device  development  and  testing  for  ultraclean 
water  organic  pollutants  used  in  microelectronics.  The  fourth  harmonic  Nd;YAG  laser 
(energy  in  pulse  2  mJ)  is  used  as  a  radiation  source  for  optoacoustic  signal  excitation.  The 
detection  limit  is  about  20  ppb.  Also  the  device  can  delect  microparticles  in  liquids  (one  micron 
size  and  larger). 


Organic  pollutants  water  control  is  the  very  important  problem  from  microelectronic 
technique  point  of  view.  Laser  UV  excitation  fluorescent  spectroscopy  is  one  of  the  most 
sensitive  method  of  control.  But  there  is  the  whole  number  of  organic  compounds  which  have 
the  low  quantum  fluorescent  efficiency. 

The  laser  device  based  on  photoacoustic  effect  was  developed  for  non-fluorescent  pollu¬ 
tants  control.  When  part  of  the  laser  radiation  energy  is  selectively  absorbed  by  pollutants 
the  acoustic  pulses  are  appeared  in  control  medium  registered  by  sensitive  piezoceramic 
sensor.  The  fourth  harmonic  Nd:YAG  laser  is  used  as  a  radiation  source.  Pulse  radiation 
energy  is  2  mJ,  wavelength  is  266  nm,  pulse  duration  —  15  -  20  ns. 

The  radiation  is  directed  to  thermostabilized  photoacoustic  cell  through  which  tested 
water  pumped. 

The  cell’s  construction  permits  to  register  photoacoustic  and  fluorescence  signals  simul¬ 
taneously  (set-up  is  shown  on  Fig.  1).  Acoustic  pulses  are  detected  by  sensitive  piezoelement 
ceramic  PZT-19  cylinder.  Further  the  electric  signal  is  amplified  by  low  noise  preamplifier 
and  amplifier  (the  total  amplifier  coefficient  K  «  2000).  The  boxcar  integrator  permits  to 
suppress  the  outside  acoustic  noise  and  parasitic  signal  noise  due  to  radiation  absorption  in 
cells  windows. 
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Rf.  1 .  Expertmenial  set-up.  1  N<1:YAG  laser;  2.  Pig  j  Experimental  results.  PA  signal  vs  concen- 

3  —  doubling  crystals;  4  —  selective  mirror;  5  —  filter;  6  tration  of  added  pollulant  —  KHP  (dissolved  in  water). 

—  focusing  lens:  7  —  photoacoustlc  cell;  8  —  piezoelec-  Zero  level  of  PA  signal  corresponds  with  absorption  of 
trie  element  and  preampiifier;  9  —  fluorescense  channel;  laser  radiation  in  water. 

10  — powermeier;  11  —  boxcarintegrator;  12  — plotter. 

.7 

This  set-up  can  register  the  energy  absorbed  inside  the  cell  as  small  us  2x10  J.  To 
determine  the  limits  for  device  analytic  possibilities  the  measurements  of  PA  signal  depend- 
ance  on  KHP  concentration  were  made. 

The  test  results  show  the  minimum  detcctableconcentration  of  organic  pollutants  (KHP) 
is  about  5  ppb  with  S/N-3  (Fig.  2) .  This  set-up  permits  to  detect  the  presence  of  microparti¬ 
cles  (size  more  than  1  /i  m)  in  liquids  and  to  conduct  the  photochemical  dynamics  reactions 
research  work  also. 
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ABSTRACT 

A  traveiiing  wave  can  basicaiiy  be  defined  by  two  basic  uitrasonic  parameters:  Wave  Velocity, 
and  Attenuation.  The  measurement  of  these  parameters  has  been  done  by  the  conventional  time-of- 
flight  techniques.  These  techniques  breakdown  when  the  medium  in  which  the  waves  are  travelHng  are 
thin,  or,  the  wave  velocity  Is  dependent  on  the  signal  frequency.  All  the  limitations  of  the  time-of-flight 
method  can  be  eliminated  by  the  use  of  Fourier  transformation  techniques.  The  development  of  a  frequen¬ 
cy  based  measurement  and  it's  automation  are  described  here,  and  results  are  presented  to  show  the 
accuracy  and  precision  of  the  method  applied  to  metallic  and  composite  materials  of  various  thickness. 

INTRODUCTION 

The  measurement  of  wave  speed  of  an  ultrasonic  wave  in  materials  has  been  performed  for  a  very 
long  time.  The  purpose,  in  general,  has  been  Non-destructive  Testing,  and  material  properties  evalua¬ 
tion.  The  velocity  of  the  wave  can  be  related  to  the  stiffness  of  the  sample  [1  ] .  There  are  many  excellent 
techniques  developed  tor  the  measurement  of  wave  velocity  and  attenuation.  Very  briefly,  the  technique 
can  be  described  as  follows.  An  ultrasonic  wave  is  pas^  through  the  material  and  the  time  taken 
for  the  wave  to  travel  through  the  specimen  Is  measured  using  an  acct^ate  oscilloscope.  A  series  of 
pulses  are  obtained  and  the  time  Interval  between  the  two  received  pulses  is  twice  the  time  taken  tor 
the  wave  to  travel  across  the  width  of  the  specimen.  An  observer  measures  the  time  between  any 
two  peaks  in  the  received  signal  and  if  the  thickness  of  the  specimen  is  known  the  wavespeed  can  be 
calculated  by  v  >  2*(thickness)/time.  The  attenuation  is  measured  by  measuring  the  decreasing  ampli¬ 
tude  of  a  series  of  pulses.  The  limitations  of  this  technique  are;  (1)  the  thickness  of  the  specimen  should 
be  accurately  known  before  the  can  be  reliably  measured.  (2)  though  each  and  every  point  in  the  ^nal 
has  gone  through  the  specimen  and  hence  obviously  contains  the  information  about  the  wave  sp^, 
only  one  point  is  picked  disregarding  the  information  contained  at  all  other  points.  (3)  human  judgement 
Is  required  so  as  to  Identify  the  exact  location  of  the  peak  of  the  signal  which  introduces  some  subjectivity 
to  the  measurement.  McSkimin[2]  Improved  this  technique  by  using  a  copy  of  the  sante  wdve  translated 
in  time  so  that  the  two  pulses  could  be  overlapped  and  a  better  match  of  toe  signals  could  be  achieved. 
Papadakis[3]  used  pulse  echo  overlap  for  increasing  the  accuracy  of  measurements.  But  again  this 
was  more  of  a  Judgement  measurement  and  works  very  well  If  the  material  is  non  dispersive  and  the 
pulse  is  not  distort^  as  it  passes  through  toe  s.  scimen.  If  the  material  is  dispersive,  or  toe  attenuation 
is  dependent  on  the  signal  frequency,  then  a  variation  of  the  time-of-flight  method,  called  tone-burst 
method,  could  be  used.  Here  a  burst  of  signal,  about  ten  cycles  long  of  a  single  frequency  is  used, 
but  the  measurement  technique  remains  the  same.  This  helps  in  identifying  the  frequency  at  which  the 
wave  velocity  and  attenuation  are  measured.  The  measurement  of  time-of-flight  is  posable  only  if  toe 
reflections  from  toe  two  surfaces  of  the  specimen  can  be  clearly  separated  in  time  domain.  This  Is 
obviously  a  big  draw  back  and  restricts  the  use  of  toe  ultrasonic  methods  to  relatively  thick  samples. 
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Kinra  and  Dayal[4]  developed  a  new  technique  tor  the  measurement  based  on  the  Fourier  transforma¬ 
tion  of  the  signal  from  time  domain  to  frequency  domain.  The  Fourier  transformation  of  the  first  and 
the  second  pulse  In  the  signal  is  obtained  and  the  stope  of  the  phase  vs.  frequency  curve  is  calculated. 
Now,  If  the  thickness  of  the  specimen  is  known,  the  wave  speed  can  be  calculated  arto  if  the  wavespeed 
is  known  then  the  thickness  can  be  calculatsd.  This  technique  can  be  used  ^  automation  if  the  thickn^ 
of  the  plate  Is  constant  and  the  changes  in  wave  speed  are  to  be  measured.  In  cases  where  there 
the  thickness  is  not  known  very  accurately  or  if  there  is  local  varlatton  In  thicimess.  then  the  results  will 
be  in  error.  This  technique,  with  a  slight  variation  could  be  applied  to  samples  where  the  individual  pulses 
could  not  be  separated,  which  has  Increased  the  range  of  measurement  of  the  ultrasonic  method. 

The  above  mentioned  methods  worked  if  the  thickness  of  the  samples  was  measured  beforehand. 
Now  for  the  purpose  of  Non-Destructive  Evaluation,  where  a  large  number  of  measurements  are  required, 
the  above  techniques  become  extremely  slow.  Rrst,  the  thickitess  has  to  be  rrteasured  at  all  the  points 
where  the  velocity  is  required  and  then  the  ultrasonic  measurement  could  be  made.  Dayal[5]  has  devel¬ 
oped  a  new  computer  controlled  variation  of  the  Frequency  domain  technique  where  both  the  wave 
velocity  and  the  thickness  of  the  sample  can  be  nteasured.  The  technique  Is  based  on  the  transformation 
of  the  signal  from  time  domain  to  frequency  domain  and  the  whole  process  is  possible  only  vrith  the 
help  of  computers. 

The  development  of  the  ultrasonic  measurement  of  wave  velocity  by  the  Fourier  Transformation 
technique  and  the  automation  are  outlined  here.  These  methods  make  the  measurement  precise  and 
automated. 

ULTRASONIC  MEASUREMENT  METHODS 
Time  of  Rloht  method 

A  typical  signal  as  reflected  from  an  aluminum  plate  is  shown  in  Flg.(1).  The  time,  t,  tor  a  complete 
travel  of  the  signal  from  the  front  surface  to  the  rear  surface  and  back  is  show  on  the  figure.  If  the 
sample  thickness,  h.  is  known,  then  the  wave  velocity,  v,  can  be  written  as, 

V  =  2*h/t  (1) 

Attenuation  coefficient,  k2  ,  is  defined  as  the  decrease  in  the  signal  amplitude  as  the  wave  travels 
through  the  sample.  This  decay  Is  exponential  and  hence  the  signal  amplitude  is  measured  over  a 
number  of  pulses  and  fitted  to  exp(-k2  x  )  curve  and  an  average  value  of  kj  is  obtained. 


Fig.  1  Various  pulses  reflected  from  an  aluminum  plate  of  thickness  4.7  mm. 


Frequency  Domain  method  for  thick  samples 

The  technique  works  both  for  the  reflection  and  transmission  mode  of  wave  propagation.  Due  to 
paucity  of  space,  only  the  reflection  mode  of  measurement  will  be  described.  Interested  reader  is  referr^ 
to[4]  tor  the  transmission  mode  of  measurement.  In  this  mode  of  wave  propagation,  only  one  transducer 
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Fig.  2.  Wave  propagation  through  the  specimen  in  reflection  mode. 


acts  both  as  the  transmitter  and  receiver.  A  t^al  experimental  setup  is  as  shown  in  Fig.  (2). 

Let  U|  (t)  «  fo(ut-kox)  be  the  wave  produced  by  the  transmitter.  If  a  Is  the  distance  of  the  front 
surface  from  the  transducer,  the  reflection  from  the  front  surface  of  the  specimen  is. 

U2(t)  =  Roifo(«t-2ako).  (2) 

where  u  Is  the  circular  frequency  of  the  signal,  kg ,  u/Co  is  the  wave  number  in  wafer,  and  Co  is  the 
wave  velocity  In  wate^. 

The  reflection  from  the  back  surface  is. 

U4(t)  -  Toi/?io7’iofo(<<)t-2ako-2hk),  (3) 

where  h  is  the  plate  thickness  and  k  is  the  wavenumber  in  water. 

In  the  above  equations,  the  reflection  coefficients  R||  and  transmission  coefficients  Ty  are  defined 
as. 

R(i .  (PiCt  -  P|C,)/(PiC,  +  P|Cj).  and 

T„»  2pA /(PiCi  +  P|C|).  W 

where  subscript  I  defines  the  medium  from  which  the  wave  is  incoming  and  hitting  the  interface  between 
medium  i  and  medium  j. 

The  Fourier  transform  is  defined  as. 

1  f  * 

(w)  -  FFT(f(t)]  .  J  /ll)e-<’^dt  ,  -  «  <  a»  <  »  ,  (5) 

Using  the  Fourier  transformation.  Eq.(2&3)  give. 

F'2  (u)  =  Rm  (<»).  (6) 

Fl  (u)  =  ToiRioTio  (u),  (7) 

Now  a  combination  of  Eq.(6)  and  Eq.(7)  gives. 


Roi 


,2Mi 


(8) 


^Ot/floT’lO 

It  should  be  noted  that  in  the  above  equation  the  wave  number  k  for  the  material  can  be  real  for 
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elastic  materials  and  complex  for  linear  viscoelastic  materials.  Thus  Eq.(8)  is  valid  for  linear  viscoelastic 
materials  If  the  damping  Is  small.  Then  k  can  be  written  as,  k  +  i  kj.  and  k;  /  k^  «1 . 

Now.  equating  the  real  and  Imaginary  parts  on  the  two  sides  of  Eq.(8)  one  obtains. 

ki(u)  =  -<t>/2h.  and 

k2(u)  -  ln(f2/^4)  /2h  (9) 

here  kj  is  the  attenuation  coefficient  for  the  materiai. 

These  equations  are  useful  if  various  pulses  can  be  separated  in  time  domain.  The  advantage  over 
the  time  of  flight  is  that  the  wave  velocity  and  attenuation  can  be  determined  as  a  function  of  frequency. 
They  breakdown  if  the  sample  width  is  such  that  the  pulses  cannot  be  separated  in  time  domain.  In 
that  case  fdllowing  analysis  can  be  performed. 

Frequency  domain  method  tor  thin  composites 

Referring  to  Fig.  (2)  the  Fourier  transform  of  pulses  labeled  (6)  can  be  written  as 

n  -  ToiRljm  ((o),  (10) 

Since  pulse  (2)  cannot  be  separated  a  new  reference  pulse  is  obtained.  This  is  done  by  replacing 
the  thin  sample  by  a  thick  coupon  with  the  front  surface  precisely  at  x=a.  The  Fourier  transform  of  this 
reference  signal  then  is. 


F*  (w)  -  Rqi  Fo  (u). 

The  series  of  pulses  2.4.6 . are  added  as  follows. 

G’  (<o)  -  F'  (w)  +  ToiRwTio  T 

m=  1 

Now  if 


(11) 

(12) 


Z  =  Ri^-^  with  |Z|  <  1 


(13) 


^01^10  Y  7m 


Since  |Z|  <  1  and  (l-Z)*’  -  1  +  Z  +  Z*  +  Z* ...  «.  and  If 


(14) 


o  _  I  G'{q))  j  \ 

F’oiT'io  y  F'(<o)  J  (15) 

one  obtains  Z»|3/(l  +  S)-  His  complex  valued  wave  number,  k.  can  easily  be  obtained  from  Z. 
This  summation  of  the  infinite  series  is  easier  done  for  the  transmitted  field  and  in  that  case  the  problem 
of  the  replacement  of  the  block  does  not  arise.  In  this  case  one  can  derive  the  following  relation. 


F'(w) 

(16) 

This  equation  can  be  reduced  to. 

Z*  +  ZY  -  Do  =  0. 

(17) 

where  Y  = 


FpiFio  F'iw) 
Rv^o  G’((o) 


.  Zo  =  exp  (-ihko)  and  Do 
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For  the  details  of  the  solution  of  these  equations  the  interested  reader  is  referred  to  [4] 

Simultaneous  measurement  of  wave  speed  and  Attenuation 

The  set  up  for  this  method  is  shown  in  Fig.  3.  Here  a  reflector  Is  placed  at  some  distance  at  the 
back  of  the  sample. 


Fig.  3.  Wave  propagation  through  Ore  specimen  in  reflection  mods. 


The  Fourier  Transform  of  the  pulse  reflected  from  the  reflector  surface  and  received  by  the  transducer, 
when  no  specimen  is  present,  is 


/v{w)  =  «02  Fo  (u). 


(18) 


The  transform  of  the  front  surface  reflection  (2)  .  the  back  surface  reflection  (4)  and  the  wave  (r) 
which  is  transmitted  through  the  specimen,  reflected  from  the  reflector  and  again  travelling  through  the 
specimen  is  received  by  the  transducer,  are 


Fz  {(d)  =  «oi  e-''^  Fq  ((d), 

F7  ((d)  =  ToiRioTio  F^  ((d).  and 

K  ((d)  =  RozWo  F^  (o,). 

A  combination  of  Eqs.  18.19.20  and  21  gives. 


im 


TqiTioRqi 

^*10 


Comparing  the  phase  of  both  sides  of  Eq.22.  the  following  relation  is  obtained. 


phase  [ 


]  »  <t)r  =  2koh.  or 


(19) 

(20) 
(21) 

(22) 


h  = 


(23) 


Now, 


T’oiT’lO^lO  ^-TMr. 
Roi 


(24) 
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The  phase  of  both  sides  of  Eq.  24  is  compared  and  the  wave  speed  can  be  calcuiated  from. 


4nh 

W) 


(25) 


RESULTS  AND  DISCUSSiON 

A  special  test  specimen  Is  prepared  for  implementing  the  various  methods  for  thick  composites 
for  comparison  purposes.  The  sample  is  as  shovun  in  Fig.  4. 


Copper 


Steel 


3 


Fig.4  Test  sample. 


Brass 

Aluminum  plate 


A  9.4  mm  aluminum  plate  is  prepared  with  holes  drilled  at  three  locations.  These  holes  were  then 
filled  with  three  Inserts  of  copper,  brass,  and  steel.  Thus,  we  have  a  sample  with  roughly  the  same 
thickness  but  very  different  materials.  Various  results  obtained  are  shown  in  the  Table. 


Table  I :  Comparison  of  three  measurement  methods. 


Technique  * 

Aluminum 

Brass 

Steel 

Copper 

c 

c 

c 

d 

c 

d 

1. 

6.375 

9.5 

4.234 

9.4 

5.732 

9.4 

4.696 

9.3 

2. 

6.372 

9.5 

4.241 

9.4 

5.713 

9.4 

4.704 

9.3 

3. 

6.347 

9.423 

4.218 

9.357 

5.702 

9.363 

4.363 

9.352 

•  1.  Time  of  Flight  /  physical  measurement  of  thickness. 

2.  Frequency  domain  method  /  physical  measurement  of  thickness. 

3.  Simultaneous  measurement  reflection  mode 
c:  wave  velocity  in  mm/ p,  sec 

d:  specimen  thickness  in  mm. 


In  this  table  the  results  are  in  the  following  order.  Rrst.  the  physical  dimensions  of  the  sample  and 
the  wave  velocity  as  measured  by  the  time  of  flight  method,  are  recorded.  Next,  the  wave  velocities 
as  obtained  by  the  technique  developed  by  Kinra  and  Dayal®  and  outlined  above  as  the  Frequency  do¬ 
main  method  for  thick  samples.  The  schematic  of  the  method  is  as  shown  in  Fig.  2.  Note  here  that  in 
this  technique  tite  experimenter  has  to  provide  the  thickness  of  the  sample  and  hence  thickness  is  physi¬ 
cally  measured  and  wave  speed  is  calculated  by  computer.  Next,  we  present  the  results  obtained  by 
the  reflection  mode.  The  schematic  of  this  setup  is  shown  in  Fig.  3.  Here  both  the  wave  speed  and 
ttiickf  ,ss  are  estimated  by  the  computer.  The  input  for  this  technique  is  Hie  wave  speed  in  water  which 
is  accurately  determined.  The  results  for  the  computerized  tests  are  averaged  over  25  points  and  the 
standard  deviation  of  the  measurement  for  all  the  values  was  less  than  0.1  %.  It  is  seen  that  the  technique 
developed  here  is  capable  of  measuring  the  thickness  and  wave  speed  of  the  material  quickly  and  pre¬ 
cisely. 

The  technique  described  under  the  method  for  thin  specimen,  is  applied  to  an  aluminum  plate.  The 
wave  speed  was  measured  in  an  aluminum  plate  and  the  plate  was  gradually  machined  to  reduce  the 
thickness.  The  results  are  shown  In  Table  II.  In  this  table  the  first  measurement  is  for  an  aluminum 
plate  2.807  mm  thick  with  the  tone-burst  method.  Then  the  same  plate  is  analyzed  by  the  method  for 
the  thin  plates  and  the  results  are  shown.  Next,  the  plate  is  gradually  machined  to  0.258  mm  and  the 
resuits  are  presented.  For  comparison  purposes  tiie  ratio  of  the  sample  thickness  to  the  signal  wave¬ 
length,  K,  is  also  listed.  It  can  be  observed  ttiat  even  when  the  plate  thickness  is  less  than  half  of  the 
wave  length  the  method  provides  with  an  accurate  wave  speed.  All  the  measurements  were  made  ten 
times  and  the  standard  deviation  of  ±.i4  %  shows  the  repeatability  of  the  measurement. 
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Table  n  Results  for  a  thin  aluminum  sample. 


h 

mm 

h/K 

C 

mm/ii  sec 

a/c 

% 

Technique 

2.807 

4.4 

6.3572 

0.013 

Tone  Burst 

2.807 

4.4 

6.3275 

0.010 

Thin  sample 

1.686 

2.7 

6.3461 

0.040 

Thin  sample 

1.001 

1.6 

6.3538 

0.030 

Thin  sample 

.613 

0.96 

6.3594 

0.130 

Thin  sample 

.258 

0.40 

6.3231 

0.140 

Thin  sam[le 

Sample  :  Aluminum  Frequency  ;  10  MHz.  Mode  ;  Transmission 


Now  some  results  from  the  automation  of  the  simultaneous  measurement  technique  will  be  presented. 
A  Stepped  plexi-glass  sample  was  prepared  for  testing  and  a  line  scan  of  Ihe  wave  velocity  and  thickness 
is  made.  The  results  are  as  shown  in  Fig.  4.  It  is  observed  that  the  thickness  of  the  sample  is  very 
precisely  measured  and  the  wave  velocity  remains  constant  over  the  entire  measurement  range. 
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Rg.  4  Wave  velocity  and  thickness  scan  of  a  stepped  plexi-glass  sample. 


Next,  a  Graphite/Epoxy  composite  specimen  was  specially  made  for  proving  the  usefulness  of  the 
technique.  The  specimen  has  a  step  variation  in  thickness  in  the  middle.  The  specimen  is  as  shown 
In  Fig.  5,  and  was  subjected  to  the  computerized  thickness-velocity  scan.  The  results  show  that  the 
technique  presented  here  very  efficiently  measures  the  change  in  thickness  while  the  wave  velocity  re¬ 
mains  essentially  constant.  Notice  also  that  the  thickness  scan  shows  some  scatter  of  values  at  the 
edge.  This  is  because  when  the  transducer  is  on  the  step,  part  of  the  wave  is  reflected  from  the  upper 
surface  and  part  from  the  lower  surface.  This  obviously  cannot  be  differentiated  and  results  in  wrong 
values. 

The  limitation  of  the  automated  technique  is  that  both  the  sides  of  the  specimen  should  be  accessible. 
In  the  reflection  mode  though  only  one  transducer  is  needed  on  one  side  of  the  specimen,  a  reflection 
plate  has  to  be  provided.  In  transmission  mode  transducers  have  to  be  placed  on  both  sides  of  the 
specimen.  The  advantages  are  the  precision  of  measurement,  speed  of  data  collection  and  very  special¬ 
ly,  if  the  specimen  has  varying  thickness,  the  technique  will  provide  with  the  thickness  and  wave  speed 
automatically. 

CONCLUSIONS 

The  conventional  time-of-flight  method  of  measuring  the  acoustic  parameters  is  good  if  the  sample 
is  thick  and  thickness  is  accurately  known.  Transformation  of  signal  into  frequency  domain  improves 
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the  precision  of  the  technique.  If  the  sample  is  thin  and  me  individual  signal  pulses  cannot  be  separated 
then  the  frequency  domain  analysis  is  the  only  method  of  measurement.  For  a  large  number  of  measure¬ 
ments  over  a  sample  which  is  not  accurately  measured,  the  automated  method  of  simultaneous  measure¬ 
ment  of  wave  velocity  and  thickness  can  be  used.  The  use  of  computational  methods  increase  the 
reliability  and  precision  of  the  measurement. 


i 

E 


I 


Rg.  5  Wave  velocity  and  thickness  scan  of  a  stepped  Gr.Ep  composite  sample. 
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ABSTRACT 

The  existence  of  delamination  and  porosity  in  laminated  composite  structures  will  degrade  the  strength 
of  the  structures.  The  detection  of  delamination  can  be  easily  obtained  using  ultrasonic  C-scan  or  A-scan 
methods.  But,  the  detection  of  porosity  in  laminated  structures  has  been  a  difficult  task  for  years,  especially 
in  production  condition.  This  paper  will  analytically  evaluate  the  current  techniques  used  in  industry,  and 
develop  accurate  attenuation  measurement  methods  for  the  evaluation  of  porosity.  The  test  samples,  which 
are  used  in  the  laminated  structures  of  the  German  airbus  by  Textron  Aerostructures,  Inc,  will  be  tested  using 
ultrasonic  C-scan  and  grid-based  A-scan  methods.  The  digitized  waveforms  are  stored  and  analyzed  using 
different  attenuation  measurement  algorithms.  The  volume  of  porosity  are  calculated  using  digital  imaging 
analysis.  Finally,  the  correlation  between  ultrasonic  attenuation  and  the  volume  fraction  of  porosity  are 
calculated  and  analyzed. 

INTRODUCnON 

The  existence  of  delamination  and  porosity  in  graphite-epoxy  composite  materials  will  degrade  the 
strength  of  structures.  The  ultrasonic  nondestructive  inspection  in  aircraft  wing  structures  made  by  graphite- 
epoxy  composite  materials  is  a  required  quality  assurance  procedure  in  the  aircraft  industry.  The  regular 
procedure  is  first  to  inspect  the  parts  using  ultrasonic  C-scan  through-transmission  testing  method.  From  the 
C-scan  results,  it  is  usually  quite  easy  to  locate  the  regions  with  delamination  according  to  some  recommended 
industrial  C-scan  testing  standards.  But,  however,  the  detection  and  quantization  of  porosity  is  a  difficult  task. 
The  difficulties  of  evaluating  porosity  come  mainly  from  the  following  factors:  (i)  The  lack  of  theoretical 
results  about  sound  property  in  porous  laminated  composite  materials;  (ii)  The  lack  of  acceptable  measurement 
techniques  for  porosity  evaluations. 

According  to  some  reported  literatures,  the  early  study  on  the  relationship  between  porosity  and 
ultrasonic  attenuation  coefficient  in  isotropic  materials  was  carried  out  by  Gubernatis  and  Domany  ( 1,2].  They 
developed  approximate  expressions  for  ultrasonic  attenuation  in  porous  media  with  finite-sized  pores.  Adler 
el  al.  successfully  applied  Gubernatis  and  Domany’s  results  to  the  characterization  of  the  porosity  in  aluminum 
alloy  castings  [3].  The  porosities  in  aluminum  castings  are  dominated  by  spherical  pores  with  a  Gaussian  type 
of  peak  size  distribution  in  the  diameter  of  the  pores.  On  the  basis  of  Adler’s  experimental  results  and 
Gubernatis  and  Domany’s  theory,  Nair  and  Hsu  et  al.  made  a  study  on  the  estimation  of  porosities  using 
frequency-dependent  attenuation  measurements  [4,5].  Instead  of  directly  using  Gubernatis  and  Domany’s 
approximation,  they  developed  an  attenuation  slope  algorithm  which  was  felt  to  be  more  suitable  for  the 
cylindrical  pores  which  typically  exist  in  composite  materials. 

Although  laboratorial  research  has  been  applied  to  evaluation  of  porosity  in  graphite-epoxy  composites, 
the  understanding  and  testing  techniques  are  still  inadequate  for  application  in  industry.  Based  on  the  testing 
techniques  currently  used  in  industry,  this  paper  will  present  practical  ultrasonic  attenuation  measurement 
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algorithms,  conduct  ultrasonic  attenuation  measurement  and  porosity  analysis  experiments,  and  correlate  the 
volume  of  porosity  with  ultrasonic  attenuation  coefficients. 

ULTRASONIC  ATTENUATION  MEASUREMENT  METHODS 

The  attenuation  of  sound  in  test  materials  may  not  have  many  direct  interests  to  engineers.  But,  the 
change  of  attenuation  is  often  a  result  of  some  physical  or  chemical  change  related  to  the  property  of  the  test 
materials.  Thus,  the  use  of  ultrasonic  attenuation  measurement  technique  to  characterize  material  property  has 
become  an  important  subject  for  NDE  engineers.  Papadakis  did  a  series  of  research  work  on  absolute 
attenuation  measurement  which  focused  on  the  beam  diffraction  correction  [6].  Other  research  on  quantitative 
attenuation  measurement  has  been  reported  by  Simpson  et  al.  [7].  In  this  study,  the  investigation  of  attenuation 
measurement  will  be  based  on  current  measurement  techniques  used  in  industry.  The  equations  for  the 
calculation  of  ultrasonic  attenuation  using  contact  pulse-echo  and  through  transmission  testing  methods  will 
be  introduced. 

Ultrasonic'  attenuation  can  be  defined  as  the  rate  of  decay  of  mechanical  radiation  at  ultrasonic 
frequency  as  it  propagates  through  a  material.  For  a  plane  wave,  which  should  be  the  case  in  the  far  field 
measurement,  the  attenuated  wave  in  space  is  expressed  as 

(1) 

where  P/,  and  P  are  the  amplitudes  of  wave  pressures  at  the  beginning  and  the  end  respectively,  and  a  is  the 
attenuation  of  the  wave  travelling  in  the  z-direction  of  the  test  materials.  The  attenuation  a  is  measured  in 
nepers  per  unit  length  or  in  decibels  per  unit  length. 

Figure  1  is  a  diagram  of  wave  propagation  indicating  both  pulse-echo  testing  and  through  transmission 
testing  methods.  The  ultrasonic  transducer  first  sends  the  longitudinal  waves  to  medium  1  (delay  line  or  water 
path),  and  then  the  waves  propagate  through  medium  2  and  medium  3.  For  through  transmission  testing 
method,  medium  2  is  usually  the  test  specimen,  medium  3  is  usually  the  same  as  medium  1.  Water  is  usually 
the  couplant  medium.  In  the  case  of  contact  pulse-echo  testing  with  a  solid  delay  line,  medium  I  is  the  delay 
line  and  medium  3  is  air  which  would  not  transmit  ultrasonic  wave. 
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Figure  1.  Diagram  of  wave  propagation  and  A-scan  presentation 

Methods  available  for  calculation  of  the  ultrasonic  attenuation  based  on  the  A-scan  presentation  is  very 
diversified.  One  method  used  in  industry  only  makes  use  of  the  echo  B  from  the  back-wall.  In  this  method, 
the  echo  B,  is  initially  set  at  80%  of  full  scale  on  the  display  at  some  reference  location  which  is  assumed  by 
the  operator  to  be  a  good  area  without  porosity.  The  attenuation  at  another  location  is  calculated  by  comparing 
a  new  B^  value  with  the  B,  value  obtained  at  the  reference  location.  For  through  transmission  testing  method, 
only  the  wave  pressure  H  is  used  for  attenuation  measurement.  In  this  section,  equations  for  ultrasonic 
attenuation  measurement  using  contact  pulse-echo  and  through  transmission  testing  methods  will  be  introduced. 
The  testing  methods  used  in  industry  can  then  be  evaluated  analytically. 
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Ultrasonic  Attenuation  Measured  bv  Pulse-echo  Method 

From  the  wave  propagation  relationship  shown  in  Figure  1,  the  following  equations  are  derived  [6,8], 


(2) 


and 


(3) 


or 


(4) 


where  aj  is  the  attenuation  coefficient  in  medium  2,  A,  B,  and  C  are  echoes  defined  in  Figure  1,  R,  is  the 
reflection  coefficient  between  medium  1  and  medium  2,  and  A0  is  the  echo  from  the  delay  line  bottom  surface 
when  it  is  not  coupled  to  the  test  specimen.  For  normal  attenuation  measurements.  Equation  (3)  is 
recommended  to  measure  R,.  But  in  the  case  that  the  echo  C  is  not  visible,  which  is  very  possible  in  areas  with 
the  existence  of  porosity,  ^uation  (4)  is  an  alternative  measure  of  R,.  Determining  the  experimental  R,  is 
extremely  important  for  accurate  attenuation  measurement.  In  using  the  above  equations,  one  must  consider 
the  possibility  of  a  phase  inversion  at  the  reflection  surface. 

The  attenuation  given  by  Equation  (2)  is  in  nepers  per  unit  length.  It  is  common  to  transfer  nepers  into 
decibel  (  1  nepers  =  8.686  dB).  In  the  measurement  of  porosity  vs.  attenuation,  one  first  calculates  the 
attenuation  in  good  areas  (without  porosity)  and  then  the  attenuation  in  bad  areas  (with  porosity)  a^.  The 
attenuation  caused  by  porosity  will  be  the  difference  of  these  attenuations. 

Considering  the  change  of  reflection  coefficient  because  of  good  and  bad  areas,  the  attenuation 
coefficients  for  good  and  bad  areas  are 


and 


The  difference  between  these  is 


2/ 

\ ». 

a,  =-i-ln 

21 

■  n  --Lir 

21 

(5) 


(6) 


(7) 


Equation  (7)  is  an  accurate  expression  for  relative  attenuation  measurement.  If  one  assumes  that  R,^  =  R,^  and 
A^  =  A^  then  one  has 
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(8) 


Equation  (8)  is  the  expression  for  attenuation  measurement  only  using  the  echo  B,  and  is  the  approximate 
attenuation  measurement  method  used  in  industry.  It  is  obviously  the  most  convenient  method  for  the 
ultrasonic  inspector. 


Ultrasonic  Attenuation  Measured  bv  Through  Transmission  Method 

Similarly,  from  the  wave  propagation  relationship  shown  in  Figure  1,  one  can  find  [9], 


(9) 


where  is  the  attenuation  coefficient  in  medium  2,  R,  is  the  reflection  coefficient  between  medium  1  and 
medium  2. 

Next,  the  question  is  to  find  the  actual  attenuation  caused  by  porosity.  From  Equation  (9),  one  can  find 
the  amplitudes  for  both  good  and  bad  areas 


(10) 


and 


(13) 


The  difference  of  attenuation  between  bad  and  good  areas  is 


a,  -a,  _ 

**  *»  /  I 


(12) 


In  this  equation,  the  first  term  on  the  right  side  of  the  equation  is  the  measured  attenuation  using  H,  the  (a^^- 
is  the  actual  attenuation  caused  by  porosity,  and  the  second  term  on  the  right  side  is  the  error  caused  by 
changes  in  the  reflection  coefficient  at  different  surfaces.  In  reality,  the  reflection  coefficients  change  from 
specimen  to  specimen,  the  error  caused  by  the  reflection  coefficients  can  be  very  significant.  One  solution  is 
to  determine  an  measurement  on  each  new  surface  before  searching  that  surface.  From  Equations  (7)  and 
(12),  one  can  see  that  the  measured  attenuation  using  contact  pulse-echo  and  through  transmission  methods 
are  theoretically  not  correlated. 

If  surface  conditions  are  assumed  to  be  the  same  for  the  both  sides  of  the  test  specimen,  from  Equation 
(12),  one  can  get 


1 

* — In — ^ 
1 


(13) 


This  is  really  the  equation  for  attenuation  measurement  using  through  transmission  method.  Thus,  by  referring 
to  Figure  1,  the  procedure  to  calculate  attenuation  is:  (i)  measure  H  at  good  areas  (without  porosity),  //,;  (ii) 
measure  H  at  any  other  areas  (iii)  calculate  attenuation  using  Equation  (13).  Under  the  condition  of  above 
simplification,  the  attenuation  measured  by  through  transmission  method  is  half  of  that  measured  by  pulse -echo 
method. 
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ULTRASONIC  ATTENUATION  MEASUREMENT  AND  POROSITY  ANALYSIS 

The  ultrasonic  A-scan  tests  using  both  contact  pulse-echo  and  through  transmission  testing  methods 
were  carried  out  on  some  graphite-epoxy  composite  test  specimens  with  different  thickness.  These  specimens 
are  constructed  from  one  to  four  books.  While,  each  book  has  a  lay-up  configuration  of  (0/4S/-4S/90MS/4SA)). 
The  attenuation  coefficients  were  calculated  using  both  the  developed  accurate  method  and  the  industrial 
approximate  method  (only  use  the  echo  B).  The  ultrasonic  C-scan  testing  was  also  conducted.  The  areas  with 
indications  of  porosity  were  marked  with  grid  patterns.  The  A-scan  waveforms  were  digitized  on  each  grid, 
and  stored  for  attenuation  analysis.  The  size  and  volume  of  porosity  were  analyzed  by  destructive  cutting  and 
imaging  analysis.  These  results  will  then  be  correlated  with  ultrasonic  attenuation  coefficients. 

Comparison  of  two  ultrasonic  attenuation  measurement  methods 

In  this  test,  the  test  specimens  are  those  with  different  thicknesses  but  the  same  book  lay-up.  Because 
of  the  manufacturing  process,  the  surface  roughness  of  these  specimen  is  different.  Table  I  lists  the  surface 
roughness  and  specimen  thicknesses  of  the  test  specimens. 


Table  1.  Test  Specimens 


IhlckrMiB  (mm)  Ihlcknw*  (mm) 


(a)  5  MHz  transducer  (b)  2.25  MHz  transducer 

Figure  3.  Attenuation  results  from  specimens  with  different  thickness  and  surface  roughness 

Figure  2  is  the  testing  system  for  ultrasonic  attenuation  measurement  using  the  two  methods.  The  RF 
waveform  from  the  ultrasonic  pulse/receiver  (Panametrics  5052PRX)  is  displayed  on  the  LeCroy  digital 
oscilloscope.  The  echoes  A,  B  and  C  shown  in  Figure  1  are  recorded  for  ultrasonic  attenuation  measurement. 
Because  the  test  areas  selected  for  the  comparison  of  attenuation  measurement  methods  are  defects-&ee,  the 
echo  C  is  possible  to  measure.  Thus,  Equation  (3)  can  be  employed  in  calculating  reflection  coefficients.  In 
this  test,  because  the  attenuation  is  only  caused  by  the  change  of  specimen  thickness,  thus  the  attenuation  for 
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good  area  is  marked  on  the  specimen  with  smallest  thickness.  Figure  3  is  the  attenuation  measurement  results 
from  the  test  specimens  with  different  surface  conditions.  The  first  method  is  an  exact  attenuation  measurement 
method  shown  in  Equation  (7),  and  the  second  is  an  approximate  method  expressed  by  Equations  (8).  The  first 
method  provides  good  correlation  results  using  ultrasonic  transducers  of  S  and  2.25  MHz.  The  correlation 
between  attenuation  and  thickness  using  the  second  method  is  not  good  at  all.  One  can  conclude  that  the 
second  method  is  very  sensitive  to  the  surface  and  coupling  conditions,  while  the  first  method  is  more 
applicable  to  the  different  surface  condition. 


Ultrasonic  C-scan  Testing 


Figure  4.  PC-based  ulfrasonic  testing  system 

In  a  manufacturing  environment  quality  assurance  procedure  of  composite  structure,  the  C-scan  through 
transmission  testing  is  first  carried  out  covering  all  the  accessible  sections  of  the  structures.  The  areas  with 
delamination  indications  are  first  sorted  out.  Then  for  some  suspicious  areas,  mostly  the  areas  with  existence 
of  porosity,  the  A-scan  testing  is  further  manually  conducted.  The  areas  with  porosity  are  marked.  The  final 
decision  will  be  made  according  to  the  industry  accepl/reject  criterion.  So  far,  the  identification  of  porosity 
is  mainly  made  based  on  the  attenuation  corresponding  to  the  echo  B.  The  manufacturers’  objective  is  to 
determine  what  the  relationship  is  between  ultrasonic  attenuation  and  porosity. 

In  this  laboratory  study,  the  C-scan  testing  was  performed  to  show  the  flaw  distribution  on  the  test 
specimens  using  a  laboratorial  PC-based  ultrasonic  testing  system  as  shown  in  Figure  4.  This  system  was 
consisted  of  a  100  MHz  A/D  board,  Panametrics  S0S2X  puise/receiver,  and  Sonix  ultrasonic  testing  software. 
Figure  5  shows  the  C-scan  image  of  test  specimen  No.5. 


Figure  5.  C-scan  of  test  specimen  No.5  Figure  6.  Marked  area  for  porosity  analysis 
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From  the  image  shown  in  Figure  5.  the  darker  regions  indicate  defects.  The  information  about  the 
defects  in  the  transition  region  was  not  well  defined.  For  this  study,  the  area  which  shows  porosity  were 
verified  by  manual  A'Scan  testing  method,  and  marked  as  shown  in  Figure  6. 

Ultrasonic  A-scan  Testing 

The  RF  waveforms  were  digitized  and  stored  from  each  grid  of  the  marked  area.  As  rule  of  thumb,  if 
there  exist  echoes  between  the  front  and  the  back  wall  echoes,  and  also  with  the  existence  of  the  back  wall 
echo,  this  indicates  the  existence  of  porosity.  If  the  back  wall  echo  disappears,  this  indicates  the  existence  of 
delamination.  Thus,  the  selection  of  the  area  for  porosity  analysis  follows  this  rule.  The  contact  through 
transmission  testing  were  also  conducted  in  the  marked  area.  The  ultrasonic  attenuation  measurement  was 
calculated  using  the  two  methods  for  contact  pulse-echo  testing  and  through  transmission  method  expressed 
by  Equation  (13). 

Porosity  Analysis 

After  the  A-scan  testing,  the  marked  area  shown  in  Figure  6  was  first  cut  by  a  diamond  blade,  the  area 
was  cut  into  thin  slices  by  a  diamond  wafer  blade.  These  thin  slices  were  first  photographed  at  5x 
magnification,  and  the  resulting  pictures  were  processed  with  a  digital-imaging  analysis  system.  The  contour 
for  each  individual  porosity  cross  section  was  traced  automatically  by  the  software,  and  then  the  area  of  each 
porosity  was  calculated.  The  volume  fraction  of  porosity  was  obtained  considering  the  volume  of  porosity  in 
each  slice  and  the  volume  of  each  grid.  Figure  7  shows  an  example  of  porosity  analysis. 


Porosity  size  (mm^ ) 


1.  0.106 

2.  0.080 

4.  0.082 

5.  0.095 

3.  0.184 

6.  0.045 

7.  0.039 

_ 1 

8.  0.132 

Figure  7.  An  example  of  porosity  analysis 


Correlation  between  Ultrasonic  Attenuation  and  Porosity 


(o)  (b) 

Figure  8.  Ultrasonic  attenuation  vs.  porosity  volume  fraction 
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The  correlation  between  ultrasonic  attenuation  and  porosity  volume  fraction  was  calculated  using  linear 
least  square  fit  analysis.  Figure  8  shows  the  results  using  contact  pulse.ecbo  and  through  transmission  testing 
methods.  In  Figure  8(a),  the  results  obtained  from  the  two  methods  using  Equations  (7)  and  (8)  are  seen  to 
be  quite  similar.  The  reason  for  this  is  that  the  reflection  coefficient  R,  was  calculated  from  Equation  (4),  and 
the  good  area  for  attenuation  calculation  was  measured  on  the  same  test  specimen.  Thus,  the  surface  conditions 
between  the  good  and  the  bad  areas  are  the  same.  This  also  indicates  that  the  approximate  method  can  produce 
good  results  if  the  test  specimens  have  nearly  the  same  sur&ce  condition.  The  correlation  coefficients  are 
shown  in  the  figures  as  0.815  and  0.887  respectively  for  the  pulse-echo  method  Figure  8(a)  and  through 
transmission  method  Figure  8(b). 

CONCLUSIONS 

As  a  result  of  this  study,  the  following  conclusions  can  be  made. 

(i) .  The  exact  equations  of  attenuation  measurement  for  pulse-echo  and  through  transmission  testing 
methods  are  derived.  The  result  indicates  that  the  conventional  equations  for  attenuation  measurement 
are  approximations,  and  the  relative  attenuation  measurements  have  a  higher  reliability  using  Equation 
(7)  or  (12). 

(ii) .  The  method  expressed  by  Equation  (8)  is  an  approximate  attenuation  measurement  method. 
Analytical  investigation  shows  that  it  can  provide  good  approximate  if  the  reflection  coefficients 
between  the  test  point  and  the  reference  point  are  similar. 

(iii) .  There  exists  a  linear  relationship  between  ultrasonic  attenuation  and  porosity  volume  fraction.  In 
using  contact  testing  methods,  the  correlation  coefficients  obtained  in  this  study  are  0.815  and  0.887 
using  pulse-echo  and  through  transmission  testing  methods  respectively. 
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ABSTRACT 

Ultrasonic  flaw  detectors  are  being  increasingly  employed  for  non-destructive 
testing  and  inspection  of  materials,  in  wide  ranging  fields.  Due  to  paucity  of  suitable 
expertise  and  infrastructure,  instruments  remain  unattended,  and  become  faulty,  resulting 
in  shut-downs,  causing  a  drain  on  national  economy.  Effecient  utilisation  of 
instrumentation  resources  in  a  country  is  basic  requirement  for  development  of  advanced 
techniques  so  as  to  contribute  substantially  for  its  technical,  industrial,  and  economic 
growth.  With  latest  research  techniques  being  incorporated  in  design  of  sophisticated 
instruments,  challanges  of  installation,  operation,  and  repair  can  be  met  by  adopting 
recent  techniques  like  Artificial  Intelligence/  Expert  System,  for  equipment  diagnosis 
and  maintenance  management.  The  paper  discusses  design  of  expert  system  which  shall  prove 
beneficial  in  enhancing  equipment  utilisation,  substantially  reducing  shut-downs 
besides  contributing  towards  development  of  human  resources, 

INTRODUCTION 

Ultrasonic  equipment  are  being  extensively  employed  in  non-destructive  testing, 
study  of  material  properties  besides  medical  diagnosis  and  therapy.  Due  to  rapid 
industrialisation  of  developing  countries,  there  has  been  even  more  rapid  increase  in 
their  applications  in  diverse  fields  of  research,  education,  health  care,  and  industry. 
Ultrasonic  flaw  detector  is  a  sophisticated  equipment,  which  permits  wide  coverage  of 
non-destructive  tests  and  thickness  gauging  in  materials  with  the  help  of  different  types 
of  probes.  It  is  generally  used  to  detect  blows  in  castings,  cracks  caused  by  fatigue 
and  flaws  in  metallic  materials.  It  can  also  be  utilised  for  assessing  the  physical  and 
metallurgical  characteristics  of  a  material  through  measurements  of  velocity  and  its 
attenuation  properties.  Depending  upon  use,  storage,  environment,  handling,  stability  of 
line  voltage  and  life  of  components,  instruments  may  go  out  of  order  during  their  normal 
operation.  These  instruments  also  need  recalibration  at  regular  intervals,  so  that  their 
working  do  not  deviate  from  set  standards  and  uses.  The  techniques  of  installation, 
operation,  maintenance  and  calibration  of  such  instruments  being  relatively  complex, 
skilled,  and  trained  personnel  are  not  available  in  sufficient  numbers,  especallly,  in 
developing  countries.  As  these  instruments  represent  sizable  investment,  it  is  important 
to  develop  precision  instrumentation  techniques,  so  that  wastage  of  limited  national 
resources  and  draining  of  foreign  exchange  are  avoided. 

Computers  have  affected  profoundly  our  life  and  their  applications  III  are  becoming 
indispensable  in  development  of  instrumentation  techniques.  For  computer  scientists, 
artificial  intelligence  (AI)  represents  an  attempt  to  set  up  algorithmic  principles  for 
simulating  thinking  process  of  the  brain,  to  develop  some  sort  of  general  problem  solving 
or  human  like  intelligence  behaviour.  Expert  system  (ES)  and  knowledge  engineering  are 
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amongst  the  most  Important  areas  of  application  of  AI .  Applications  of  expert  system 
include  non-destructive  testing  and  inspection,  manufacturing,  and  optimal  routing  to 
fault-diagnosis.  At  various  UNIOO  workshops  discussing  instrument  related  problems,  one 
of  the  important  recommendations  include  development  of  expert  system  for  fault- 
diagnosis,  repair,  and  maintenance,  so  that  suitable  maintenance  facilities  and  related 
human  resources  are  available  to  meet  challenges  of  advancing  technology.  The  concepts  of 
expert  system  act  as  a  modern  tool  for  efficient  operation,  maintenance,  and  fault- 
diagnosis  of  ultrasonic  equipment  [2],  Development  of  expert  system  is  also  helpful  to 
have  computer  aided  instruction  packages  for  training  of  instrument  operators  and  repair 
personnel , 

EXPERT  SYSTEM 

The  expert  system  is  a  branch  of  Al  that  makes  extensive  use  of  specialised 
knowledge  to  solve  problems  at  the  level  of  a  human  expert.  An  expert  system  is  regarded 
as  a  comnuter  programme  that  embodies  the  expertise  of  one  or  more  experts  in  some  domain 
and  applies  this  knowledge  to  make  useful  inferences  for  user  of  the  system  [3].  It  makes 
extensive  use  of  specialised  knowledge  available  from  books,  magazines.  Journals, 
instrumets  manuals,  and  knowledgeable  persons  to  solve  problems,  much  more  effeciently, 
at  the  level  of  a  human  expert.  An  expert  is  a  person  who  has  expertise  in  a  certain 
area,  that  is  not  known  or  avialable  to  most  people.  ES  is  often  applied  today  to  any 
system  which  uses  expert  system  technology.  This  may  include  special  expert  system 
languages,  programmes,  and  hardware  designed  to  aid  in  the  development  and  execution  of 
expert  system. 
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Figure  1 — Expert  system  block  diagram 


The  expert  system  consists  of  four  main  elements  called  ES-Shells  :i)  Knowledge 
base;  ii)  Inference  engine;  iii)  Data  interface;  and  iv)  User  interface.  The  basic 
concepts  of  a  knowledge  based  expert  system  are  shown  in  figure  1.  The  expert's  knowledge 
about  solving  specific  problems  is  called  the  knowledge  domain  and  is  entirely  included 
within  the  problem  domain.  The  knowledge  of  an  ES  may  be  represented  in  a  number  of>.ways. 
One  commonly  used  method  of  representing  knowledge  is  in  the  form  IF,  THEN  type  rules.  A 
wide  range  of  knowledge  based  ES  have  been  built,  now  a  days.  The  process  of  building  an 
ES  is  called  knowledge  engineering,  which  refers  to  the  acquisition  of  knowledge  from  a 
human  expert  or  other  sources  and  its  coding  in  the  expert  system.  Rule  based  system  has 


936 


been  preferred  for  c-  r  problen  because  rules  and  facts  are  input  directly  into  the  expert 
systen.  The  procedural  procramins  relates  to  a  conventional  procraaoK  starting  at  a 
point  'xl',  and  then  a  series  of  se<|uential  procedures  are  defined,  which  upon  coapletion 
give  the  answer  at  point  'x2'.  The  expert  system  starts  by  asking  what  is  the  answer  at 
point  'x2'  and  then  by  examining  the  facts  and  rules  in  the  knowledge  base,  it  determines 
which  data  is  required  to  derive  the  answer.  The  means  by  which  the  system  carries  out 
these  operations  is  called  the  Inference  engine. 

As  in  most  of  expert  sytems,  in  our  case  also,  both  data  and  user  interface  are  one 
and  sane  thing,  since  the  user  is  required  to  input  data  after  inspecting  the  sub-system/ 
equipment  into  expert  system  by  answering  its  questions.  This  is  termed  fully  Interactive 
system.  However,  sophisticated  expert  system  is  able  to  determine  answers  to  many  of 
their  questions  by  accessing  data  stored  on  computer.  Some  of  the  important  features  [2] 
are  i)  increased  availability;  ii)  multiple  expertise;  iii)  reduced  cost;  iv)  permanence; 
v)  increased  reliability;  vi)  explanation  facility;  vii)  fast  response;  viii)  steady, 
unemotional,  and  complete  response  at  all  times;  ix)  intelligent  guide;  and  x) 
intelligent  data-base.  There  is  also  indirect  advantage  as  the  knowledge  being  explicitly 
known,  it  can  be  examined  for  correctness,  consistency,  and  completeness. 

for  development  of  an  expert  system,  knowledge  engineer  first  establishes  contacts 
with  the  human  expert(s)  in  order  to  explicit  the  expert  knowledge,  and  then  codes  it 
explicitly  in  the  knowledge  base.  The  expert  after  evaluation  gives  a  critique  to 
knowledge  engineer  and  process  iterates  until  system's  performance  is  Judged  to  be 
satisfactory  by  the  expert(s).  It  must  be  of  high  quality  otherwise  it  may  become  prone 
to  bugs.  It  is  generally  designed  very  different  from  conventional  programmes,  because 
the  problem  usually  has  no  algorithmic  solution  but  relies  only  on  inferences  and  it  must 
be  able  to  explain  its  reasoning  so  that  same  can  be  checked.  An  explanation  facility  is 
an  integral  part  of  sophisticated  expert  system  and  may  be  designed  to  allow  the  user  to 
explore  multiple  lines  of  WHAT,  IF...  type  questions,  called  hypothetical  reasoning  and 
even  translate  natural  languages  j.nto  rules.  Expert  system  has  been  very  successful  in 
dealing  with  real-world  problems  that  conventional  programming  methodologies  have  been 
unable  to  solve,  especially  those  dealing  with  uncertain  or  incomplete  information.  It  is 
designed  to  have  general  charateristlcs  [2]  like  i)  high  performance;  ii)  adequate 
response  time;  iii)  good  reliability;  iv)  understandable;  v)  flexibility;  and  vi)  simple 
explanation  facility.  In  a  rule  based  system,  knowledge  can  easily  grow  incrementally,  so 
that  its  performance  and  correctness  can  be  continually  checked.  Expert  system  has  been 
applied  to  almost  every  field  of  knowledge  and  hundreds  have  been  built  and  reported  in 
computer  Journals,  books,  and  conferences. 

Basically,  depending  upon  whether  the  problem  is  knowledge  or  intelligence 
intensive,  suitable  language  can  be  choosen.  Experi  system  rely,  to  a  great  extent,  on 
specialised  knowledge  or  expertise,  to  solve  a  problem  and  on  a  pattern  matching  within  a 
restricted  knowledge  domain  to  guide.  Now  a  days,  dozens  of  languages  are  available  and 
terminology  includes  tools,  shells  or  integrated  environments.  Expert  system  language, 
in  addition  to  its  being  a  translator  of  commands  written  in  a  specific  syntax,  also 
provides  an  inference  engine  to  execute  statements  of  language.  Primary  considerations 
for  selecting  a  language  are  portability,  running  time,  convenience  of  access,  ease  of 
reading,  ease  of  maintaining  and  updating,  flexibility,  interfacing  with  other  languages, 
familiarity  of  the  programmer  with  the  language.  The  most  commonly  used  languages  in 
writing  of  expert  system  are  LISP  and  PROLOG.  These  languages  are  symbolically  oriented 
i.e.,  designed  particularly  to  work  with  word  symbols  rather  than  numerical  calculations 
and  analytical  algorithms.  Other  features  are  recursion  and  facility  of  dynamic  memory 
allocation  [4].  PROLOG,  especially  has  a  number  of  advantages  for  diagnostic  systems 
because  it  is  specially  designed  for  logic  expressions  (IF/THEN),  contains  a  special 
procedure  for  solving  systems  of  logic  expressions,  and  built-in  backward  chaining.  It  is 
more  convenient  and  effecient  to  built  large  expert  system  with  shells  and  utility 
programmes,  specifically  designed  for  their  building. 

We  feel  that  scientists  and  engineers  should  write  their  own  expert  system  i.e., 
special  knowledge  engineers  are  not  required.  The  commercially  available  software 
packages  (shells)  and  special  languages  LISP  and  PROLOG  are  unnecessary  and  even 
undesirable  (4).  Host  of  us  are  conversant  with  a  procedural  high  level  language,  such  as 
FORTRAN,  BASIC,  PASCAL,  or  C.  All  of  these  do  an  excellent  Job  on  codifying  expert 
systems.  Features  like  recursion  and  dynamic  memory  allocation  are  available  in  PASCAL 
but  for  FORTRAN  77,  these  can  be  done  quite  easily  by  indirect  means  and  using  data 
management  in  the  coding  using  linked  list.  Also,  the  engineer  is  an  expert  on  the 
engineering  procedure,  as  well  as  being  specialist,  or  near  specialist,  in  some  phase  of 
engineering.  The  engineer  has  an  almost  unique  training  and  experience  in  intuitive 
decision  making,  which  is  the  whole  basis  of  expert  system.  Finally,  engineers  are  highly 
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creative,  and  can  cope  uith  the  creativity  requirements  of  designing  expert  systems.  The 
expertise,  combined  with  the  rigorous  training  in  logical  thinking  that  all  engineers 
possess,  make  them  uniquely  well  qualified  to  develop  expert  systems. 

ULTFD  EXPERT  SYSTEH 

The  designed  expert  system  is  equipped  with  following  four  main  knowledge  base 
utilities: 

1.  Equipment  knowledge  utility  (EK-Utility) 

2.  Test  &  auxiliary  equipment  utility  (TAE-Utility) 

3.  Equipment  maintenance  utility  (EM-Utllity) 

4.  Equipment  fault-diagnosis  utility  (ED-Utility) 

While  entering  ULTFD  expert  system,  computer  will  display: 

Utility  Code  Page  No.  * 

Equipment  Knowledge  1 

Maintenance  2 

Fault-diagnosis  3 

EXIT  A 

PLEASE  ENTER  DESIRE  CODE  @ 


and  ask  now  to  enter  a  desired  code.  On  entering  code  1,  expert  system  starts  displaying 
EK-text,  page  by  page,  on  user  intervention.  One  may  quit  a  sub-utility  or  utility  by 
using  control  commands.  On  completion  or  quit,  page  No.  *  will  be  again  displayed  on 
monitor.  On  entering  code  2,  the  expert  system  asks  user  regarding  availability  of  tools, 
test  and  measuring  equipment,  and  chemicals  required  for  maintenance  of  equipment  with 
him.  On  positive  response,  expert  system  starts  describing,  step  by  step  ■  procedure  for 
maintenance  of  the  equipment.  On  pressing  code  3,  expert  system  first  asks  availability 
of  items  required  for  fault-diagnosis  using  TAE-utility.  On  positive  response,  a  block 
diagram  of  electronic  circuit  of  equipment  will  be  displayed  on  video  display  unit  (VDU). 
Expert  system  then  asks  user  to  measure  various  technical  parameters  at  various  test 
points  of  equipment.  In  response  utilising  internal  knowledge  base  contained  in  FD- 
utility,  it  will  suggest  faultls)  on  VDU.  Again,  expert  system  will  instruct  user  to 
measure  the  parameters  at  various  test  points.  On  user  feed-back,  expert  system  will 
display  the  faulty  components(s) . 


EK-utility 

The  utility  of  expert  system  provides  user,  detailed  general  operating  instructions 
with  video  presentations,  examples,  precautions,  and  warnings,  about  working  of  the 
equipment.  It  consists  of  following  fifteen  EK-sub-utilities : 

EK-1 :  General  layout  of  the  equipment 

EK-2:  Specifications/  technical  data  of  equipment 

EK-3:  Accessories  supplied  with  the  equipment 

EK-4:  Operating  controls,  their  function  6.  location 

EK-5 :  Installation  procedure  near  test  spot 

EK-6:  Adjustment  of  operating  voltage  at-site 

EK-7:  Fuses  and  their  locations 

EK-8:  Connection  of  probes  in  various  modes 

EK-9:  Principle  of  operation 

EK-10:  Adjustment  of  operating  controls 

EK-11:  Preparation  of  test  surface  and  precautions  for  optimum  results 
EK-12:  Selection  of  probe  for  a  particular  application 
EK-1 3;  Operating  procedure  depending  upon  specific  problem,  preliminary 
controls  setting  and  checks  for  optimum  operation 
EK-I4:  Flaw  alarm,  adjustment  of  gate  position  and  width 
EK-15:  Inspection  techniques 

For  example,  EK-2  Sub-utility  describes  detailed  knowledge  about  equipment 
parameters  and  functions  viz.,  operating  mode,  measurement  range,  test  frequency, 
accuracy,  pulse  repetition  late,  sweep  linearity,  dead  zone,  pulse  delay,  calibrated 
attenuation,  selective  scale  expansion,  receiver  gain,  monitor  gate  position,  monitor 
width,  monitor  level/  sensitivity,  alarm  indications,  CRT,  operating  tempertaure  range, 
dimensions  and  weight  of  the  equipment.  EK-4  Sub-utility  describes  function  of  equipment, 
monitor  operating  controls  on  front  panel  (25  Nos.)  ind  side  panels  (left-2Nos.  and 
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Figure  2 — Flow  chart  for  fault-diagnosis  of  ultrasonic  flaw  detector 
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right-4Nos. ) .  It  also  shows  the  broad  view  of  each  control  knob  individually  and  their 
location  on  the  equipment.  EK-8  Sub-uti’'-  'in<^r-ribes  connections  of  probes  in  single  and 
double  transducer  mode.  EK-12  Sub-u'  >es  efficient  utilisation  of  straight, 

angular,  and  surface  wave  probes  for  ...ri  application.  It  also  instructs  about 

availability  of  probe  for  immersion  techniques  used  for  testing  of  material  of  peculiar 
shape  which  otherwise  is  difficult  to  detect  using  either  a  straight  or  angular  probe,  or 
where  test  surface  is  rough  and  gritty.  EK-15  Sub-utility  explains  inspection  techniques 
for  detection  and  thickness  gauging  of  flaw,  employing  single  and  double  transducer 
approach, 

TAg-utilitv 

This  utility  of  expert  system  provides  users,  list  of  test  and  auxiliary  equipment, 
tools,  and  chemicals  with  complete  specifications/  technical  details  required  for 
maintenance,  as  well  as,  fault-diagnosis  of  flaw  detector.  The  list  mainly  includes 
digital  and  analog  multimeters,  two  channel  oscilloscope  (20HHz),  high  tension  test  set, 

adjustable  transformer  (5V . 250V,  lA),  signal  generators,  sine  wave  generator 

(0. . , , 12HHz) ,  adapter  board  amplifier  and  trigger,  recorder  and  amplifier  dummy,  steel 
references,  stepped  reference  steel  blocks,  probes,  screw  driver  set,  pliers,  and  carbon 
tetrachloride, 

EM-utilitv 

This  utility  of  expert  system  consists  of  five  packages  and  provides  detailed 
instructions  alongwith  video  presentations  regarding: 

EM-1:  Checking  of  cables,  operating  voltage,  fuses,  movement  of  controls,  cleaning  of 

Joints,  and  removal  of  dust  from  equipment 
EM-2:  Preventive  maintenance  programmes 

EM-3:  List  and  location  of  PCB's 

EM-4:  Dismounting  and  assembly  of  PCB's 

EM-5:  Calibration  of  equipment 

These  packages  describe  step  by  step  procedure  by  intervention  with  user,  by  asking 
questions  from  him.  It  also  instructs  him  about  various  warnings  and  precautions  to  be 
observed  at  respective  stages.  As  an  example,  EM-3  Sub-utility  describes  the  most 
effective  way  of  reducing  Che  number  of  failures  and  increasing  instrument  useful  life. 
It  reduces  breakdowns  during  operation  by  repairing  minor  faults  before  they  give  rise  to 
serious  troubles.  It  also  stresses  the  advantage  in  maintenance  of  history  sheets  and 
maintenance  schedules.  EM-4  Sub-utility  describes  for  the  users,  the  systematic  way  of 
assembly  and  disassembly  of  various  PCB's  from  chasis  by  using  required  tooKs)  in  a 
proper  manner  by  observing  instructions  on  monitor.  Calibration  of  the  equipment  by 
taking  measurements  of  standard  samples  with  flaws  at  specified  distances  by  using 
various  control  knobs  is  described  in  EM-5  Sub-utility. 

Fl>-utility 

For  fault-diagnosis  [5],  the  user  should  have  good  grasp  of  basic  electronics,  test 
and  measuring  equipment,  and  should  be  well  conversant  with  the  localising  and  pin¬ 
pointing  the  source  of  trouble.  There  may  be  many  reasons  for  the  trouble  and  to  localise 
the  fault,  it  is  essential  to  eliminate  the  other  sources  in  proper  sequence  by 
scientific  experimentation  and  proper  checks.  It  is  known  that  faults  due  to  component 
deterioration,  dry  solder,  and  intermittent  contacts  are  difficult  to  diagnose  and 
repair.  By  using  test  points  voltage  data  and  principle  of  operation  of  circuits,  fault- 
diagnosis  can  be  systematically  carried  out.  FD-Utility  helps  users  in  fault-finding  of 
the  instruments.  Brief  flow-chart  for  fault-diagnosis  is  given  in  figure  2.  It  is  mainly 
associated  with  following  eleven  sub-utilities: 

FD-1:  Fault-diagnosis  of  main  supply 

FD-2:  Fault-diagnosis  of  power  supplies  (ilOOV,  i20V  &  400V) 

FD-3:  Fault-diagnosis  of  EHT  supply  J,  CRT  circuits 

FD-4:  Fault-diagnosis  of  clock  circuit 

FD-5:  Fault-diagnosis  of  sweep  amplification  circuit 

FO-6:  Fault-diagnosis  of  unblanking  circuit 

FD-7:  Fault-diagnosis  of  Z-axis  amplification  circuit 

FD-8:  Fault-diagnosis  of  main  bang  delay  circuit 

FD-9:  Fault-diagnosis  of  transmitter,  receiver,  &  TCG  circuits 

FD-10:  Fault-diagnosis  of  selective/  sweep  expansion  circuit 

FD-11:  Fault-diagnosis  of  flaw  alarm  circuit 

From  flow  chart,  it  is  observed  that  if  horizontal  trace  and  sweep  appear  on  CRT  on 
switching  ON/OFF,  Fl)-utility  bypasses  sub-utilities  FD-1  to  FD-7.  If.  however,  slope  of 
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the  sweep  is  not  varying,  but  vertical  pulse/itain  bang  appear  on  screen,  then  fault  lies 
in  selective/  sweep  expansion  circuit  and  can  be  rectified  by  application  of  fault- 
diagnosis  FD-10  sub-utility.  Each  ED-sub-utility,  describes  the  detailed  principle  of 
operation  of  the  specified  circuit  before  proceeding  to  related  fault-diagnosis. 

These  utilities  based  on  block  diagram  of  the  equipment,  cover  following  electronic 
circuits: 

1)  Power  supply  circuits  (±10V,  +20V,  ±100V  &  400V) 

2)  EHT  supply  and  CRT  circuits 

3)  Horizontal  and  vertical  shift  circuits 

4)  Clock  circuit 

5)  Sweep  and  unblanking  circuit 

6)  Sweep  amplification  circuit 

7)  Z-axis  amplification  circuit 

8)  Main  bang  delay  circuit 

9)  Transmitter  circuit 

10)  Receiver  circuits  (I  &  11) 

11)  Time  compensated  gain  circuit 

12)  Selective  expansion  circuit 

13)  Flaw  alarm  monitor  circuits  (I  &  II) 

Here,  the  trouble-shooting  hints  and  test  point  sets  are  stored  with  their 
respective  tolerance  limits.  It  is  further  associated  with  four  mini-packages:  COMPONENT, 
CONNECTOR,  OSCGRAM,  and  TECHDATA.  Test  points  in  most  of  the  circuits  are  selected  at 
terminals  of  transistors,  zener  diodes,  potentiometers,  and  switches. 

Sub-utility  COMPONENT .  Each  component/  element  of  a  circuit  is  specified  with 
its  respective  code.  For  example,  figure  3  shows  z-axis  amplification  circuit.  This 
utility  contains  the  list  of  all  PCBwise  electronic  components  alongwith  their  detailed 


specifications  , 

remarks/ 

tolerances  as  shown  below: 

Resistance 

R 

Part 

No. 

Value 

Wattage 

ttole ranee 

Type 

Potentiometer 

P 

Part 

No. 

Value 

Wattage 

Xtolernace 

Type 

Capacitor 

C 

Part 

No. 

Value 

Working-Voltage 

%tolernace 

Dielectric 

Transistor 

Q 

Part 

No. 

Type 

Make 

Special  remarks 

Diode 

D 

Part 

No. 

Type 

Make 

Special  remarks 

Zener-diode 

ZD 

Part 

No. 

Type 

Make 

Special  remarks 

Misc. 

Component 

V 

Part 

No. 

Description 

Make 

Special  remarks 

Switch 

SW 

Part 

No. 

Description 

Make 

Special  remarks 

Transformer 

T 

Part 

No. 

Description 

Make 

Special  remarks 

Fuse 

F 

Part 

No. 

Description 

Make 

Special  remarks 

Coil 

L 

Part 

No. 

Description 

Make 

Special  remarks 

Panel 

Receptacle 

AM 

Part 

No. 

Description 

Make 

Special  remarks 

There  are  total  seven  PCB's  in  the  instrument.  The  first  numerical  digit  specified  for 
component  stands  for  its  PCB  number. 
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Sub-utility  ;  COHWECTOR.  This  utility  describes  the  connector-wiring  plan  and 
semiconductor  elements  connections. 

Sub-utility  X  OSCGRAM.  This  utility  contains  the  part-numbervise  oscillograms  at 
various  test  points  at  base,  emitter  and/or  collector  of  transistors.  For  example,  figure 
A  shows  oscillograms  observed  at  collector  of  transistors  used  in  z-axis  amplification 
circuit.  The  oscillogram  at  any  test  point  may  be  displayed  at  any  stage  of  fault- 
diagnosis  by  user  intervention. 

Sub-utility  j.  TECHDfcTA.  This  utility  contains  the  part-numberwise  voltage  levels  at 
various  test  points  at  transistors  (emitter,  base  and  collector);  and  voltage  across 
zener-diodes.  Table  1  shows  voltage  data  at  various  test  levels  in  z-axis  amplification 
circuit  for  reference.  The  data  may  be  recalled  at  any  stage  during  fault-diagnosis  by 
user  intervention.  Volatge  data  at  various  test  points  in  flaw  alarm  circuit  are  given, 
both,  with  and  without  Alarm  ON  t>  off  position. 


Table  1 — Voltage  levels  at  various  test 

points  in  z-axis  amplification  circuit  Q307 

for  ready  reference  Vc 


Transistor 

Code 

fmitter 

Base 

Collector 

Q307 

72 

72 

73 

0308 

32 

33 

72 

Q309 

.2 

.8 

33 

Q310 

.8 

1.5 

3 

Q3U 

-.1 

.5 

2  at 
inter  min 

or  max 

38V 


Figure  A — Oscillograms  at  different  test 
points  in  z-axis  amplification  circuit 


CONCLUSION 

The  expert  system  designed  is  expected  to  be  highly  advantageous  for  instrument 
users  for  proper  installation,  efficient  operation,  and  calibration.  It  shall  also  help 
to  curtail  down-time  of  the  instruments  by  providing  expertise  in  preventive  maintenance; 
fault-diagnosis;  and  repair,  even  when  experts  or  relevent  technical  literature,  or 
material  are  not  easily  accessible.  The  expert  system  designed  and  being  developed  shall 
not  only  open  new  vistas  of  creating  expert  human  resources  in  developing  countries,  in 

this  specialised  field  but  also  save  valuable  national  resources,  and  foreign  exchange 
involved  in  procurement  of  equipment.  It  will  also  contribute  towards  increasing 
industrial  and  economic  progress  of  the  country.  The  authors  are  thankful  to  Dr,  K.R. 
Sharma,  Director,  CSIO,  Chandigarh  for  kind  permission  to  express  our  views, 
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ABSTRACT 

This  paper  discusses  recent  applications  and  advances  in  using  the  boundary  element  method  (BEM)  in 
acoustics.  A  brief  review  of  the  B^  theory  is  followed  by  several  illustrative  examples  in  various  areas  of 
application.  These  include:  radiation  and  scattering  of  sound  from  elastic  structures,  mufTler  and  silencer 
performance  prediction,  evaluation  of  partial  enclosures  for  noise  control,  and  prediction  of  sound  radiation 
elTiciency.  The  paper  also  reports  some  recent  progress  in  overcoming  the  nonuniqueness  problem,  thin-body 
radiation  and  scattering,  and  frequency  interpolation. 

REVIEW  OF  THE  BEM  THEORY 

Consider  a  body  with  boundary  surface  S  submerged  in  an  infinite  acoustic  medium  Cl  of  mean  density 
Po  and  speed  of  sound  c.  The  body  may  be  either  set  in  vibration  in  a  radiation  problem  or  subject  to  an  incident 
wave  velocity  potential  (bi  in  a  scattering  problem.  In  linear  acoustics  with  time-harmonic  excitations  of  angular 
frequency  (o,  the  particle  velocity  v  and  the  soutxl  pressure  p  are  related  to  the  velocity  potential  <b  by  v  ^  -Vb, 
and  p  -  ikzo4>>  respectively,  where  i  -  yTl,  k-uVc,  and  zo~PoC.  The  normal  vector  n  is  defined  as  the  unit 
normal  on  S  directed  away  from  the  acoustic  medium  G.  .The  boundary  value  problem  can  be  reformulated  in 
terms  of  the  Helmholtz  Integral  equation  as  follows  II]: 

C(P>«P)  -  WP.Q)^Q)  -  ^P.Q)(«Q)ldS(Q)  +  4}tt]>^P)  (1) 

where  qi  ~  e-'^/r  (r  ■  |Q  -  P|)  is  the  free-space  Green  function  due  to  a  time-harmonic  point  source  at  P.  C(P)  is 
a  constant  that  depends  on  the  location  of  P. 

A  numerical  solution  to  the  Helmholtz  integral  equation  lEq.  (I)]  can  be  achieved  by  discretizing  the 
boundary  surface  S  into  a  number  of  surface  elements  and  no^.  Qu^ratic  isoparametric  elements  (six-node 
triangles  and  eight-node  quads)  have  been  widely  used  in  recent  years  so  that  both  the  acoustic  variables  and  the 
boundary  geometry  can  be  more  accurately  mo^M.  The  global  Cartesian  coordinates  Xj  (i- 1 ,  2,  3)  of  any 
point  on  an  element  are  assumed  to  be  related  to  the  nodal  coordinates  by 


Xi(«  -  £  N„(5)Xi„  .  a  -  1 . 6  or  8  (2) 

a 

in  which  ate  second-order  shape  fiincticms  of  the  local  coordinates  ((,q).  The  same  set  of  quadratic  shape 
functions  is  used  to  interpolate  die  velocity  potential  ^on  cadi  element,  that  b. 


945 


(3) 


a 


where  ()>„  are  the  nodal  values  of  the  velocity  potential.  The  nonnal  velocity  dh'idn  on  each  element  is  also 

obtained  by  the  same  interpolation  of  the  nodal  values  of  dt/da. 

Discretizing  Eq.  ( 1 )  and  putting  point  P  at  each  node  result  in  a  system  of  equations  as  follows  [  1  ]: 

(CJ  -  {h}  (4) 

where  [C]  is  a  square  coefltcient  matrix,  (b)  is  the  right  hand  side  vector  and  (x)  contains  the  unknowns  (i)>  or 
dtf/dn)  on  the  boundary  S. 

COUPLED  FEM/BEM  FOR  FLUID-SOLID  INTERACTION  PROBLEMS 

When  an  elastic  structure  is  submerged  in  a  heavy  fluid  such  as  sea  water,  the  vibration  of  the  strucmre 
will  be  affected  by  the  sutrounding  fluid,  ai^  the  whole  system  becomes  a  coupM  strucmtal  acoustic  problem. 
A  coupled  technique,  using  the  finite  element  method  (FEM)  for  the  structure  and  the  BEM  for  the  fluid,  is  a 
natural  choice  for  numerical  solution  of  iluid-stmcturc  inteiactioii  problems.  Combining  the  F)^  and  the  BEM 
equations  and  enforcing  continuity  conditions  on  the  fluid-solid  interface  (the  “wet”  surface)  lead  to  the 
following  coupled  structure  acoustic  equations  [2]: 

where  p,  u,  and  p|  ate  the  nodal  value  vectors  of  the  sound  pressure,  displacement,  and  incident  soimd  pressure, 
respectively,  and  f"  is  the  medtanical  load  vector.  The  top  part  of  Eq.  (S)  is  from  the  FEM  and  the  acoustic 
load  is  represented  by  -(Ll{p).  The  bottom  part  of  Eq.  (5)  is  from  the  BEM.  Equation  (5)  can  be  solved  for 
both  the  displacement  and  pressure  simultaneously.  The  dimension  of  the  final  system  of  equations  may  be 
reduced  by  expressing  the  structural  displacement  as  a  linear  combination  of  either  Ritz  vectors  or  eigenvectors 
(3J. 

An  example  problem  is  given  to  demonstrate  the  coupled  FEM/BEM  approach.  Consider  an  aluminum 
cylindrical  shell  with  both  ends  being  excited  internally  by  a  uniform  pressure  Pq.  The  length  of  the  cylinder  is 
4a  and  the  thickness  is  a^4  where  a  is  the  mean  radius.  Figure  1  shows  the  pressure  directivity  for  ira  *  1  at  a 
radius  50a  from  the  cylinder.  It  is  also  shown  that  for  this  example  the  Ritz  vector  synthesis  converges  faster 
than  the  modal  synthesis. 

BEM  FORMULATION  FOR  MULTIPLE  DOMAINS 

In  many  industrial  noise  problertM,  the  domains  and  boundaries  are  quite  complex.  In  an  industrial 
silencer,  for  example,  the  interior  domain  may  be  partially  subdivided  by  baffles  and  other  surfaces.  In  such 
cases,  the  single-domain  BEM  formulation  is  cumbersome  to  use  and  may  not  be  computationally  attractive. 
However,  by  subdividing  the  original  domain  into  subdomains  and  matching  qtpropriate  continuity  conditions 
at  interfaces,  it  is  possible  to  solve  die  problems  by  using  die  BEM  [4].  To  illustrate  the  application  of  the  multi- 
domain  BEM,  two  problems  in  industrial  noise  control  are  shown  in  the  following:  transmission  loss  of 
silencers  [4]  and  radiation  from  a  source  within  a  partial  enclosure  (5, 6]. 

Transmission  loss  of  silencers 

A  simple  expansion  chamber  with  an  extended  inlet  tube  is  shown  in  Fig.  2a.  From  the  modeling 
standpoint,  the  extended  tube  is  viewed  as  a  thin  projecting  surface  extending  into  die  acoustic  field  for  which  a 
singularity  arises  when  the  single-domain  BEM  is  used.  Using  die  multi-dorr^  BEM ,  the  interior  region  of  the 
expansion  chamber  is  divided  into  two  subdomains,  as  shown  in  Fig.  2a.  Figure  3  shows  the  comparison  of 
the  transmission  louCTL)  calculated  by  the  BEM  and  an  axisymmetric  FEM  for  the  case  in  Fig.  2a.  TheFEM 
model  consisted  of  IM  four-node  linear  elements  with  a  total  of 206  nodes,  whereas  the  BEM  model  consisted 
of  only  1 7  quadratic  line  elements  with  a  total  of  36  nodes.  As  shown  in  Fig.  3,  the  TL  varies  considerably  with 
frequency  kL.  In  addition  to  the  classic  expansion  humps  at  odd  multiples  of  quarter-wavelen^,  the  very 
narrow  pc^  which  increase  the  TL  values  ^ruptly  are  the  results  of  resonance  and  side-branch  effects  due  to 
the  extoision  nibe.  Excellent  agreement  between  the  boundary  element  stdution  and  die  finite  dement  solution  is 
observed. 

As  a  second  example,  consider  the  double-expansion  chamber  with  an  internal  connecting  tube  shown  in 
Fig.  2b.  The  BEM  solution  and  the  axisymmetric  FEM  solution  ate  compared  in  Fig.  4.  The  FEM  mesh 
consisted  of  318  four-node  linear  quadrilateral  elements  with  388  nodM.  The  BEM  m«ih  consisted  of  30 
quadratic  line  elements  with  63  nodes.  Good  agreement  between  the  BEM  and  die  FEM  solutions  is  obtained. 
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Figure  2.  Silencer  geometry  and  multi-domain  BEM  model  of  each:  (a)  expansion  chamber  widi  extended 
inlet,  (b)  double  expansion  chamber  with  internal  connecting  tube. 
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Figure  3.  Transmission  loss  versus  kL  for  the  silencer  in  Fig.  2a. 


Figure  4.  Transmission  loss  versus  kL  for  the  silencer  in  Fig.  2b. 


Rariiatioii  from  a  source  within  a  partial  enclosure 

Figure  5  shows  a  spherical  source  at  the  center  of  a  cubical  enclosure  with  two  square  openings.  The 
radius  of  the  source  is  0. 1  m,  the  length  of  each  edge  of  the  enclosure  is  O.S  m  and  the  size  of  the  openings  is 
0. 1  m  square.  The  enclosure  is  rigid.  The  boundary  condition  on  the  spherical  source  is  a  uniform  normal 
velocity  of  0.2  nv's,  and  the  boundary  condition  on  boA  the  inside  and  outside  surfaces  of  the  enclosure  is 
norma]  velocity  of  zero. 


948 


Figure  5.  Radiation  from  a  spherical  source  within  a  partial  enclosure.  The  grid  on  the  right  side  of  the 
enclosure  is  die  BEM  mesh  used  on  the  insi^  and  outside  surfaces  of  the  enclosure. 


Two  approaches  are  used.  In  the  fitst  approach,  the  multi-domain  (coupled  interio^exterior)  BEM  is 
used  to  determine  the  sound  field  inside  and  outside  of  the  enclosure  simultaneously.  The  mesh  lued  is  shown 
in  Fig.  5.  The  second  approach  is  an  approximate  “two-step”  roediod  used  for  comparison  purpose  only.  In 
this  approach,  the  interior  and  exterior  sound  fields  are  decoupled  by  assuming  a  radiation  impedance  z,  at  the 
openings.  If  the  frequency  range  is  sufficiently  low  such  that  the  sound  pressure  and  particle  velocity  at  the 
openings  are  approximately  uniform,  a  reasonaUe  approximaticm  of  the  radiation  impedance  is 

z,  -  0.5  (fai)2poc  +  j  (0.85  ka)  Pqc  ,  (6) 

where  a  is  the  radius  of  an  equivalent  circular,  baffled  piston.  Using  the  radiation  impedance  boundary 
condition  on  the  openings,  the  interior  sound  field  may  be  determined  using  the  interior  BEM.  The  exterior 
sound  field  is  then  found  by  solving  the  exterior  problem  using  the  exterior  BEM.  The  boundary  condition  on 
the  openings  for  the  exterior  problem  is  the  normal  velocity  (or  sound  pressure)  determined  from  solving  the 
interior  sound  field. 

Figure  6  shows  the  sound  pressure  level  (dB  re  20pPa)  as  a  function  of  frequency  at  the  center  of  the 
opening,  as  calculated  by  both  methods.  The  frequency  range  in  Fig.  6  has  been  restricted  to  less  than  1000  Hz 
where  the  approximate  solution  is  valid.  Figure  7  shows  the  sound  pressure  level  at  790  Hz  (a  resonance 
frequency  of  the  interior  of  the  enclosure)  at  a  distance  of  5m  from  the  center  of  a  plane  parallel  to  the  side  of  the 
enclosure  and  passing  through  the  openings.  The  two  sets  of  data  in  Fig.  7  correspond  to  the  case  in  tvhich  die 
enclosure  is  rigid,  and  the  case  in  which  the  interior  surfaces  of  the  enclosure  are  lined  with  a  sound  absorbing 
material  having  a  normal  acoustical  impedance  z  >  208  j208,  i.e.,  a  normal  incidence  absorption  coefficient  of 
0.8.  Also  shown  for  reference  in  Fig.  7  is  the  sound  pressure  level  that  would  be  present  when  the  enclosure  is 
absent. 

The  multi-domain  BEM  can  help  a  noise  control  erigineer  determine  the  effect  of  the  size  and  location  of 
(qienings  and  select  the  best  absorfang  material  for  a  partial  enclosure  design. 
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Sound  Pressure  Level  (dB) 
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PREDICTION  OF  SOUND  RADIATION  EFFICIENCY 

Direct  sound  ndialion  from  a  vibrating  structure  is  a  function  of  die  exciting  force  applied  to  the 
structtire,  tte  structund  properties,  and  the  sound  radiation  eflkiency  of  the  structure.  The  vibrado^  response 
of  a  structure  may  be  described  by  a  superposition  of  its  vibrational  modes.  It  is,  therefore,  important  to  know 
the  mo^  of  vibration  and  the  radiation  eflkiency  of  these  modes.  The  radiation  eflldo^  is  a  function  of  the 
mode  shape  and  the  frequency  of  vibradon.  Although  a  mode  shape  is  a  notmalized  vibration,  the  rarliation 
efnciency  is  an  absolute  value;  it  is  a  property  of  the  mode.  Therefore,  the  radiation  eflicidcy  can  be  used  to 
compare  the  sound  radiating  chamdcristlcs  of  diflerent  structural  modes. 

Alter  applying  the  BEM  to  srdve  for  the  unknown  (sound  pressure  or  normal  velocity)  at  every  node  on 
the  surface  of  a  structure,  the  sound  intensity  at  each  nork  can  be  calculated.  By  integrating  die  sound  intensity 
over  the  whole  surface,  the  total  sound  power  W  radiated  by  the  structure  is  determined.  The  rarliation 
efficiency  o  is  the  ratio  of  the  sound  power  radiated  by  a  vibrating  structure,  to  the  sound  power  that  wrxild  be 
radiated  by  an  er]uivalent  flat  piston  vibratiiig  in  an  infinite  baflle: 


p(jCS<v2> 


where  <v2>  is  the  mean  square  velocity  of  the  surface  S. 

The  following  is  an  example  to  illustrate  how  the  analysis  of  the  radiation  efllcieocy  can  be  accomplished 
by  the  BEM  [7].  Figure  8  shows  a  gearbox  with  its  BEM  niesh.  The  vibtiuion  data  of  the  gearbox,  including 
eight  modes  in  the  frequency  range  flom  SOO  to  3,000  Hz,  was  obtained  from  modal  analysis  experiments.  The 
vibratirm  of  the  gearbox  (normal  velocity  on  the  surface)  is  used  as  the  boundary  condition  in  the  BEM.  The 
radiation  efficiencies  of  the  eight  modes  are  calculated  by  the  BEM  and  shown  in  Fig.  9.  As  seen  in  Fig.  9,  all 
of  the  modes  are  very  efficient  radiators  of  sound.  These  results  can  be  checked  by  using  Wallace’s  plate 
radiation  theory  [8]  to  make  an  approximate  analysis.  This  theory  is  strictly  valid  only  for  simply  supported 
plates  in  an  infinite  baffle,  and  is  biued  on  kfl^,  the  ratio  of  the  acoustic-to-bending  wave  numbeis.  In  Fig.  10 
the  radiation  efficiencies  of  the  seven  of  the  eight  modes  are  compared  to  the  radiation  efficiencies  of  a 
rectangular  plate  having  the  same  dimensions  as  the  top  surface  of  the  box,  as  determined  by  Wallace’s  theory. 
The  mode  at  2000  Hz  is  not  shown  since  it  does  not  exhibit  a  do<.  ,nant  plate  mode  on  the  top  surface.  The 
discrepancies  observed  in  Fig.  10  are  due  to  that  the  top  surface  of  the  box  is  not  baffled  and  there  is  radiation 
from  the  other  surfaces. 


Figure  8.  BEM  mesh  of  the  gearbox. 
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Figure  10.  Radiation  cfTicienciesi  calculated  by  the  BEM  and  plate  throiy,  respectively. 
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Structural  modification  of  the  gearbox  is  a  logical  method  to  control  its  sound  radiation.  In  general,  the 
spectrum  of  the  forces  which  excite  a  structure  is  dominated  by  relatively  low  frequency  components. 
Modifications  which  stiffen  a  structure  tend  to  push  the  vibrational  modes  to  higher  frequencies  where  these 
forces  are  weaker-an  effect  that  reduces  vibration.  However,  this  simplistic  approach  ignores  the  effect  of 
radiation  efficiency  on  the  radiation  of  sound.  Equation  (7)  shows  that  the  sound  power  is  directly  proportional 
to  the  radiation  efficiency.  Thus,  while  modification  of  the  structure  may  reduce  the  mean-square  vibration,  it 
may  also  increase  the  radiation  efficiency. 

Consider  the  effect  of  a  straightforward  modification  to  the  thickness  of  the  gearbox’s  surface  plates. 
This  alternation  would  change  the  natural  frequencies  of  the  modes  without  materially  altering  the  mode  shapes. 
To  see  the  effect  of  such  a  modification,  the  radiation  efficiency  of  each  mode  was  determined  at  frequencies 
above  and  below  the  measured  value.  These  data  are  plotted  in  Figs.  1 1  and  12  for  the  658-  and  2722-Hz 
modes,  respectively.  The  actual  measured  natural  frequency  of  each  mode  is  represented  by  the  filled  data 
symbol. 

The  radiation  efficiency  of  the  658-Hz  mode  increases  with  frequency,  as  shown  in  Fig.  11.  Thus,  a 
thicker  gearbox  will  radiate  more  noise  if  the  reduction  in  vibration  does  not  offset  the  increase  in  radiation 
efficiency.  It  is  also  possible  that  making  the  gearbox  thicker  may  cause  a  mode  with  a  hi^  radiation  efficiency 
to  move  from  a  frequency  where  it  is  not  excited  to  a  new  frequency  (e.g.  a  gear  mesh  frequency)  where  it 
radiates  considerably  more  sound  energy. 

By  contrast,  the  radiation  efficiency  of  the  2722-Hz  mode  is  almost  independent  of  frequency,  as  see  in 
Fig.  12.  Thickening  of  the  box  will  not  increase  the  radiation  efficiency  of  this  mode,  and  unless  the  new 
frequency  coincides  with  a  gear  mesh  frequency,  the  sound  energy  radiated  by  this  mode  will  decrease. 

THE  NONUNIQUENESS  PROBLEM 

One  potential  shortcoming  of  the  BEM  in  acoustics  is  that  the  exterior  boundary  integral  formulation 
shares  the  difficulty  of  nonuniqueness  of  solution  at  resonance  frequencies  of  the  associated  interior  problem 
[9].  Several  modified  integral  formulations  have  been  proposed  to  overcome  the  nonuniqueness  problem.  The 
most  commonly  used  one  is  the  Combined  Helmholtz  Integral  Equation  Formulation  (CHIEF)  proposed  by 
Schenck  [9].  This  formulation  uses  the  Helmholtz  integral  equation  with  points  (CHIEF  points)  inside  of  the 
body  (where  C(P)  •  0)  as  a  constraint  that  must  be  satisfied  along  with  the  usual  Helmholtz  integral  erpiation  on 
the  surface.  The  resulting  over-determined  system  may  then  be  solved  by  a  least-squares  procedure.  If  a 
CHIEF  point  falls  on  any  nodal  surface  of  the  related  (auxiliary)  interior  problem,  it  becomes  useless.  Recently, 
Wu  and  Seybert  proposed  two  different  enhanced  CHIEF  formulations,  the  “Enhanced”  CHIEF  method  [  10] 
and  the  “Weighted  Residual”  CHIEF  ( 1 1 J  method,  to  ]»rtially  remedy  this  difficulty.  The  “Enhanced"  CIOEF 
method  includes  the  derivatives  of  the  CHIEF  equations  in  three  coordinate  directions  as  three  additional 
constraint  equations  that  must  be  satisfied  along  with  the  origiiutl  CHIEF  system.  Therefore,  there  will  be  a  total 
of  four  constraint  equations  at  each  CHIEF  point.  To  further  improve  the  CHIEF  method,  the  “Weighted 
Residual”  CHIEF  method  in  which  the  “Enhanced”  CHIEF  equations  are  weakly  satisfied  in  a  volume,  instead 
of  CHIEF  points,  inside  of  the  body. 

Another  formulation  to  overcome  the  nonuniqueness  problem  is  the  method  proposed  by  Burton  and 
Miller  [12].  This  approach  consists  of  a  linear  combination  of  the  Helmholtz  integral  equation  and  its  normal 
derivative  equation.  It  has  been  proved  that  the  linear  combination  of  these  two  equations  will  yield  a  unique 
solution  for  all  frequencies  if  the  multiplicative  constant  of  the  derivative  equation  is  appropriately  chosen. 
However,  the  major  difficulty  in  this  formulation  is  that  the  normal  derivative  of  the  Helmholtz  integral  equation 
contains  a  hyper-singular  integral.  Procedures  to  integrate  the  hypetsingular  integrals  for  three-dimensional 
problems  nith  curved  boundary  surfaces  have  recently  been  repotted  [13,  14,  15]. 

FREQUENCY  INTERPOLATION  TECHNIQUE 

Although  the  BEM  is  a  very  efficient  numerical  technique  for  acoustic  analysis  at  a  few  frequencies,  it 
may  be  impractical  for  multi-frequency  applications.  The  main  reason  is  that  the  integral  in  the  Helmholtz 
integral  equation  is  frequency  dependent.  For  each  frequency,  all  of  the  components  in  the  coefficient  matrix 
[C]  and  the  right-hand  side  vector  [b]  in  Eq.  (4)  need  to  be  re^culated.  The  procedure  is  very  time  consuming 
if  solutions  for  a  wide  frequency  spectrum  are  required. 

A  frequency  interpolation  technique  has  been  successfully  applied  to  multi-frequency  analysis  by 
Schenck  and  Benthien  using  constant  elements  [16].  The  concept  h^  bwn  extended  to  quadratic  isoparametric 
elements  [17,  18]  and  will  be  described  briefly  here.  It  is  known  that  the  integral  of  the  Helmhotz  integral 
equation  may  vary  rapidly  with  frequency  due  to  the  fluctuating  term  e-'*^  in  the  Green’s  function.  The  rapid 
variation  with  frequency  can  be  neutralize  by  multiplying  the  integral  by  a  “counteracting”  wave.  Neutralized 
integrals  can  be  calculated  at  a  set  of  reasonably  spac^  “key”  frequencies.  The  integral  at  a  certain  frequency 
can  then  be  formulated  by  interpolating  the  inte^als  at  adjacent  “key”  frequencies. 

An  example  of  the  use  of  frequency  interpolation  is  shown  in  the  following  problem.  Consider  the 
rectangular  duct  shown  in  Fig.  13.  The  lefl  end  of  the  duct  is  driven  by  a  piston  with  a  velocity  equal  to  1 
m/sec.  The  right  end  of  the  duct  is  rigid.  Figure  14  shows  the  sound  pressure  level  on  the  middle  cross  section 
of  the  duct  (X  “  L/2)  in  a  frequency  range  up  to  kL  -  14.  Note  the  good  agreement  between  the  analytical 
solution  and  the  values  predicted  by  the  BEM  with  and  without  frequency  interpolation.  Two  key  frequencies  at 
kL  ■  0.458  and  1 1.9  were  used  for  this  frequency  interpolation  tun.  This  test  case  was  tun  on  the  IBM3090 
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Figure  1 1 .  Radiation  efliciencies  of  the  6S8-Hz  vibration  mode  as  a  function  of  natural  frequency. 


Figure  1 2.  Radiation  efliciencies  of  the  2722-Hz  vibration  mode  as  a  function  of  natural  frequency. 
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Figure  13.  BEM  mesh  of  the  rectangular  duct. 


KL 

Figure  14.  Sound  pressure  level  on  the  middle  cross  section  of  the  duct:  solid  line,  analytical^  solution; 
circles,  direct  BEM  solution;  squares,  BEM  solution  with  frequency  interpolation  tedinitpie. 


supercomputer  under  vector  mode(  17].  The  CPU  time  for  this  frequency  interpolation  tun  is  slightly  less  than 
50%  of  the  CPU  time  for  the  corresponding  direct  solution  tun. 

THIN-BODY  RADIATION  AND  SCATTERING 

Sound  radiation  and  scattering  from  thin  bodies  has  many  important  applications  (such  as  transducers 
and  flns)  in  acoustics.  It  has  been  known  that  the  conventional  boundary  element  method  (BEM)  using  the 
Helmholtz  integral  equation  is  not  suitable  for  problems  involving  thin  bodies.  The  major  difliculty  is  diM  to  die 
fact  that  the  mesh  on  one  side  of  a  thin  body  is  too  close  to  the  mesh  on  the  opposite  side.  Therefore,  extremely 
fine  meshes  have  to  be  used  and  nearly  singular  behavior  may  occur  in  the  integral  equation.  Recently,  a  normal 
derivative  integral  equation  that  converges  in  the  Cauchy  principal  value  sense  has  been  successfully 
implemented  in  a  quadratic  isoparametric  element  environment  to  solve  the  thin-body  problem  [  1 9, 20]. 
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SUMMARY 

Thu  paper  briefly  reviewf  recent  progresa  in  the  BEM  research  in  acoustics  and  noise  control  at  the 
University  of  Kentucky.  Detailed  discussion  of  eatdi  of  the  individual  topics  can  be  found  in  the  references. 
The  results  have  shown  promisirig  future  of  the  application  of  the  BEM  to  practical  engineering  problems. 
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ABSTRACT 

In  this  work,  a  multidomain  boundary  element  approach  is  used  to  model  both  three- 
dimensional  and  axisymmetric  perforated  structures  and  solve  for  the  acoustical  parame¬ 
ters.  Impedance  on  the  perforated  plate  is  assumed  known  and  equals  the  ratio  of  pressure 
drop  across  the  perforation  to  particle  velocity  there.  Three  numerical  examples  are  con¬ 
sidered.  The  first  two  involve  simple  geometry  and  boundary  conditions,  and  the  numerical 
results  obtained  are  accurate  in  comparison  with  exact  solutions.  The  third  example  treats 
a  plug  muffler.  Transmission  loss  from  several  different  porosities  are  obtained  and  are  seen 
to  agree  favorably  with  available  experimentsJ  results. 

INTRODUCTION 

Mufflers  are  an  important  noise  control  device  used  in  the  automotive  and  other 
industries.  One  effective  strategy  in  reactive  muffler  design  to  obtain  maximum  sound  at¬ 
tenuation  at  relatively  high  frequencies  is  to  use  perforated  components.  The  introduction 
of  perforated  baffle  plates,  tubes  and  other  perforated  structures  enhances  the  performance 
of  a  muffler  in  a  desired  frequency  range. 

A  number  of  researchers  in  the  past  have  developed  various  prototypes  for  experimen¬ 
tal  and  analytical  verifications.  A  state-of-art  review  of  muffler  design  has  been  given  by 
Munjal  [1].  Using  a  one-dimensional  model,  Igarashi  and  Toyama  [2J  demonstrated  the 
effect  of  perforation  in  mufflers  both  analytically  and  experimentally.  Sullivan  and  Crocker 
[3]  derived  a  one-dimensional  model  for  a  perforated  concentric-tube  muffler  with  mean 
flow.  Sullivan  [4,5]  improved  their  method  by  including  a  varying  perforation  impedance 
along  the  axial  direction.  Nonlinear  effects  due  to  the  changing  impedance  and  high 
soimd-pressures  were  also  considered.  A  numerical  decoupling  technique  was  presented 
by  Krishnamurthy  and  Yirni  [6]  and  Peat  [7],  but  their  approach  may  not  be  applied  to 
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nonlinear  cases  such  as  treated  by  sullivan  [4,5],  although  it  works  well  in  linear  cases.  A 
time  domain  approach  for  perforated  mufiSers  was  presented  by  Chang  and  Ciunmings  [8]; 
the  extra  computational  time  required  in  their  study  remains  a  question.  The  aforemen¬ 
tioned  work  are  all  analytical  or  experimental  in  nature,  and  deal  with  somewhat  simplified 
geometry. 

For  problems  involving  complex  geometry,  numerical  results  are  also  available.  Ross 
[9],  for  instance,  presented  a  finite  element  solution  to  a  complex  three-dimensional  muffler 
with  perforated  structures.  He  treated  the  perforated  tube  as  a  flexible  membrane,  and 
assumed  that  the  acoustical  particle  velocity  to  be  the  same  on  both  sides  of  the  membrane. 
Another  powerful  and  perhaps  a  more  eflective  numerical  method  for  acoustic  problems, 
the  boundary  element  method  (BEM),  has  been  used  extensively  in  modeling  acoustic 
radiation  and  scattering  problems,  including  muffler  problems.  Seybert  and  Cheng  [10] 
presented  results  for  transmission  loss  of  simple  mufflers,  using  the  BEM.  Work  by  Tanaka 
et  al.  [11]  and  Kipp  and  Bernhard  [12]  also  used  the  boundary  element  technique. 

Despite  numerous  work  in  solving  acoustic  problems  using  the  BEM,  modeling  of 
the  perforated  structures  with  the  BEM  has  not  been  done.  In  this  study,  we  present 
a  boundary  element  approach  to  solve  problems  involving  three-dimensional  perforated 
structures.  In  our  analysis,  a  complex  muffler  is  partitioned  into  subdomains  between 
which  impedance  boundary  conditions  [3] 


Pi  -  PJ  = />oCCu„  (1) 

are  specified,  where  pi,  and  P2  are  the  acoustic  pressures  at  each  side  of  a  perforated 
interface  p<,  and  c  are  density  and  the  speed  of  sound,  respectively,  u„  is  the  normal 
particle  velocity  and  (  is  the  nondimensional  specific  acoustic  impedance  which  may  be 
obtained  by  experiments  [4,5]. 

An  arbitrary-shaped  muffler  with  complex  internal  structures  can  be  modeled  using 
the  current  method  by  modifying  the  existing  multidomain  boimdary  element  formulation 
[13,14]  into  one  which  considers  perforation  at  interfaces  of  subdomains.  Unlike  the  exist¬ 
ing  formulation  [13,14]  in  which  the  interfaces  are  artificial,  the  perforated  interfaces  are 
physically  real.  This  requires  that  the  interface  conditions  (1)  be  included  in  the  integral 
equations.  One  may  also  view  Ekj.  (1)  as  an  extra  constrmnt.  The  current  formulation 
considers  only  zero-mean-flow  cases.  For  cases  involving  mean  flow,  further  modifications 
are  required  and  such  problems  will  be  considered  in  future  studies. 

Three  numerical  examples  are  presented.  The  first  two  are  simple  problems  with  exact 
solutions.  In  the  third  problem,  the  transmission  loss  of  a  plug  muffler  is  compared  to  the 
experimental  result  by  Sullivan  [5]. 

FORMULATION 

Considering  a  structure  with  internal  perforated  partitions  shown  in  Fig.l,  the  entire 
acoustic  voliune  enclosed  by  boundary  Se  can  be  treated  as  a  group  of  subdomains  Bj 
connected  by  a  common  interface  Si  (For  convenience,  only  two  domains  are  shown).  For 
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a  typical  subdomain  Bj,  the  governing  differential  equation  in  a  time-harmonic  acoustic 
wave  field  is  the  Helmholtz  equation 

yZptj)  +  =  0.  (2) 

In  Eq.  (2),  is  the  acoustic  pressure  in  domain  Bj,  k  =  ui/c  is  the  wave  number,  u  is 
the  angular  frequency,  and  c  is  the  speed  of  sound. 


Fig.  t  -  A  stnictuie  with  internal  petfoiated  partitions. 


The  botmdary  integral  formulation  of  the  Helmholtz  equation  governing  the  acoustic 
field  in  subdomain  By  [i.e.  Eq.  (2))  can  be  expressed  as 

C‘’(x)p<J>(x)  =  ^^  (V>(x,y)^j^(y)-p'»(y)^(x,y))ds(y),  (3) 

where  ^  =  e“'***/B  is  the  free-space  Green’s  function  in  which  B  =  |x  —  y|,  x  and  y  are 
position  vectors  of  a  collocation  point  and  the  integration  point,  respectively,  and  n  is  the 
unit  outward  normal  on  the  boundary  dBj  of  domain  By,  (9By  consists  of  both  external 
boundary  Se  and  interfaces  5/),  rmd  i  =  The  leading  coefficient  C'’{x)  is  given  by 

In  Eq.  (3),  the  normal  derivative  of  p*^*  with  respect  to  n  is  related 
velocity  by 

=  -iupau^^\ 

where  Po  is  the  fluid  density  at  equilibrium. 

Substituting  Eq.  (5)  into  (3)  and  performing  discretization  via  boundary  elements, 
we  convert  Eq.  (3)  into  a  set  of  linear  algebraic  equations.  In  matrix  form,  the  equations 
for  subdomain  By  may  be  expressed  as 


dp(» 

dn 


the  normal  pzirticle 

(5) 
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where  Ajii],  and  Bl/m  are  submatrices  generated  by  numerically  integrating  the  kernels  of 
the  integral  equations,  pg*  and  pjf**  are  the  sound  pressure  at  Se  and  Si,  respectively, 
and  Ug’  and  are  the  particle  velocity  at  the  corresponding  boundaries.  Bold  letters 
are  used  here  because  both  quantities  contain  multiple  discretized  values. 

Without  loss  of  generality,  we  assume  that  Ug*  and  Ug^  are  known  at  Se  for  a  two- 
domain  structure  as  in  Fig.l.  By  moving  the  known  quantities  to  the  right-hand-side  of 
Eq.  (6),  the  equations  for  domain  Bi  and  B2  become 


and 


*(•)  a‘'> 

"II  "12  “12 

4O)  A<')  b‘'> 

"21  "22  “22 


Pe’ 

Pi" 


B 

B 


(1) 

11 

(1) 

21 


(uy>}. 


A|l  Ai2 

^21  *^22 


t><2) 

llj2 


B! 


p'e" 

pi" 


(7) 


(8) 


It  is  obvious  that  neither  Eq.  (7)  nor  (8)  can  be  solved  independently  since  the  number 
of  unknowns  is  greater  than  that  of  the  equations.  However,  by  considering  the  continuity 
of  velocity  across  the  interface  Si  expressible  as 


u 


(1)  _ 
I  ~ 


.W 


(9) 


and  using  Eq.  (1),  p^^*  and  ui^^  can  be  eliminated  from  Eq.  (8).  A  combined  system  of 
equations  involving  the  entire  structure  is  expressed  as: 
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where  =  -BJ^I  -  p„c<a5^I.. 

Gaussian  elimination  is  employed  to  solve  the  system  simultaneously  for  the  unknowns 
at  both  Se  and  5/.  Values  of  p^**  and  Uy*'  can  be  recovered  from  Eq.  (1)  and  (9), 
respectively. 
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NUMERICAL  EXAMPLES 


The  first  example  is  a  perforated  sphere  with  a  point  source  at  its  center  (Fig.2).  The 
interface  impedance  on  the  perforation  is  assumed  known.  Four  different  three-dimensional 
meshes  are  used  to  model  this  interior/exterior  coupling  problem.  Exact  solution  for  this 
problem  is  derived  for  comparison.  The  results  of  boundary  pressure  pi  (inside)  and  p2 
(outside)  are  listed  in  T^le  1. 


Fig.  2  •  A  perfoialed  sphere  with  a  point 
source  at  the  center. 


Fig.  3  -  Circular  duct  with  a  perfoiated 
panitioo  at  die  center. 


Table  1.  Boundary  pressure  for  perforated  sphere  (^  =  1,  fc  =  1) 


#  of  ele. 

Pi/(ip»a>)(BEM) 

Pi/(tp„u»)(exact) 

P2/(»P„u;)(BEM) 

Ptl(ipeu)(exact) 

8 

24 

96 

128 

-0.466  -1.944 
-0.486  -1.862 
-0.488  -1.853 
-0.488  -1.853 

-0.488  -1.852 
-0.488  -1.852 
-0.488  -1.852 
-0.488  -1.852 

0.215  -0.856 
0.179  -0.840 
0.176  -0.838 
0.175  -0.838 

0.171  -0.838 
0.171  -0.838 
0.171  -0.838 
0.171  -0.838 

It  is  clear  that  the  numerical  results  in  Table  1  converge  r^idly  with  mesh  refinement. 
Different  values  of  ^  (from  I  to  100)  and  k  (from  1  to  10)  were  also  considered.  The  results 
are  similar  to  those  in  Table  1  and  hence  are  not  presented  here. 

The  second  example  involves  a  circular-cross-section  duct  with  a  perforated  plate  as  a 
partition  in  the  middle  (Fig.3).  The  particle  velocity  at  one  end  is  specified  as  u  =  Im/s. 
Numerical  results  are  shown  in  Table  2,  where  pi  and  p2  are  sound  pressures  on  each  side 
of  the  partition. 

Table  2.  Boundary  pressure  for  circular  duct  (^  =  1,  It  =  1) 


#  of  ele. 

pi/(»#»o‘^)(Bem) 

Pi/(ipow)(exBCt) 

p,/(.>,u;)(BEM) 

P2/(ip«u;)(exact) 

16 

32 

58 

100 

0.817  0.267 
0.816  0.255 
0.821  0.264 
0.821  0.275 

0.818  0.288 
0.818  0.288 
0.818  0.288 
0.818  0.288 

0.381  -0.358 
0.369  -0.335 
0.365  -0.330 
0.364  -0.319 

0.370  -0.288 
0.370  -0.288 
0.370  -0.288 
0.370  -0.288 
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As  with  the  first  example,  the  aumerical  results  converge  to  the  exact  solution  with 
an  increasing  mesh  refinement,  although  with  a  somewhat  slower  rate. 


T 
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Fig.  4  -  Schematic  of  the  Plug  Muffler 
(all  dimensions  in  mm) 


In  the  third  example,  a  plug  muffler  analyzed  by  Sullivan  [5]  and  Krishnamurthy  and 
Yam  [6]  is  considered.  A  schematic  plot  of  the  muffler  and  its  dimensions  are  given  in  Fig.4. 
For  the  perforated  interface,  a  nondimensional  specific  impedance  obtained  by  Sullivan  (5) 
is  used: 

<  =  (6.0  X  10-»  +  t4.8  X  10-V)/»,  (11) 

where  /  is  frequency  in  Hz  and  <r  is  the  porosity  of  the  perforated  tube.  An  axisymmetric 
model  with  156  elements  (not  shown)  is  used  for  this  problem.  For  a  =  0.039  and  temper¬ 
ature  at  22°C,  the  transmission  loss  is  calculated  from  /  =  0  to  3500  Hz.  The  computed 
transmission  loss  (dB)  is  presented  in  Pig.5,  together  with  the  experimental  results  by 
Sullivan  [5].  A  good  agreement  between  these  results  can  be  seen  in  Fig.5. 


Fig.  S  -  Transmission  loss  for  Plug  MufTler  in  fig.  4, 
_ present  method,  o  experimental  ref  [S]. 
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In  order  to  see  the  effect  of  changiDg  the  pcMosity,  values  of  porosity  ranging  &om  0.03 
to  0.07  are  used  to  compute  the  transmission  loss.  The  computed  results  are  presented  in 
Fig.6.  By  examining  the  curves  associated  with  different  porosity,  it  becomes  clear  that 
the  porosity  does  play  an  important  role  in  noise  reduction. 


Fig.  6  -  Transmission  loss  for  varying  porosities  from  0.03  to  0.07 
DISCUSSION 

A  boundary  element  formulation  for  acoustic  structures  with  perforations  was  pre¬ 
sented.  Satisfactory  results  were  obtained.  The  current  study  does  not  include  mean  flow. 
The  influence  of  the  mean  flow  on  the  Transmission  Loss  of  a  muffler  is  an  important 
subject  which  will  be  discussed  in  future  studies,  although  at  low  Mach  numbers  (<  0.3, 
as  in  the  case  of  automobile  exhaust),  its  effect  is  limited.  Dissipative  mufflers  can  also 
be  modeled  with  the  current  approach.  Experimental  work  involving  both  mean  flow  and 
dissipative  effects  is  under  way. 
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ABSTRACT 

In  this  paper  the  problem  of  fictitious  etgenfrequencies  in  acoustic  ladiation  and 
scattering  problems  is  considered.  A  simple  method  to  overcome  the  nonuniquene&s  problem 
is  the  Combined  Helmholtz  Integral  Equation  Formulation  (CHIEF)  proposed  by  Schencktl). 
However,  CHIEF  points  placed  on  or  near  a  nodal  surface  of  the  corresponding  interior  problem 
do  not  provide  a  linearly  independent  constraint.  The  problem  of  selecting  'good'  CHIEF 
points  is  therefore  still  a  major  topic  using  CHIEF. 

By  using  a  rank  revealing  factorization  of  the  BEH  coefficient  matrix  it  Is  shown  that 
the  necessary  number  of  'good'  CHIEF  points  may  be  determined:  furthermore  one  may  decide 
whether  a  CHIEF  point  is  'good'  or  not. 

This  new  approach  is  successfully  tested  on  an  axisymmetric  BEM  formulation  using  one 
or  several  CHIEF  points, 

INTRODUCTION 

Boundary  Element  Methods  (BEN)  have  successfully  been  used  for  solving  radiation  and 
scattering  problems  in  acoustics  for  some  years.  One  of  the  most  significant  advantages  of 
BEM  compared  to  the  Finite  Element  Method  (FEM)  is  that  a  three-dimensional  problem  may  be 
described  by  a  two-dimensional  integral  equation  so  that  only  the  boundary  of  the  (e  g. 
exterior)  dcmaln  has  to  be  discretized.  Not  only  does  this  solve  the  problem  of  handling 
domains  of  infinite  extent,  which  obviously  arc  difficult  to  deal  with  with  FEM,  but  the  work 
of  discretizing  a  problem  to  obtain  a  numerical  solution  is  reduced  significantly. 

One  of  the  frequently  addressed  problems  in  BEN  is  the  problem  of  fictitious 
eigenfrequencles  (or  characteristic  frequencies)  In  exterior  boundary  integral  formulations. 
These  fictitious  eigenfrequencles  are  a  result  of  the  formulation  into  an  integral  equation 
(Fredholm  Integral  equation  of  the  second  kind),  and  are  the  eigenfrequencles  of  a 
corresponding  Interior  problem,  but  they  have  no  physical  meaning  for  the  exterior  problem 
under  consideration. 

The  nonuniqueness  problem  is  numerically  manifested  in  a  rank  deficiency  of  the  BEM 
coefficient  matrix,  and  in  order  to  obtain  the  unique  solution  that  is  known  to  exist  several 
modified  integral  equation  formulations  that  provide  additional  constraints  to  the  system 
of  equations  have  been  proposed.  As  the  space  given  here  does  not  allow  for  a  summary  of  the 
different  formulations  and  their  advantages/disadvantages  (such  a  summary  is  given  in  a 
recent  article  by  Vu  and  Seybert  [2]),  suffice  It  to  say  that  a  theoretically  robust 
formulation  suffers  from  being  complicated  and/or  computationally  inefficient.  On  the  other 
hand,  a  simple  formulation  easy  to  implement,  like  the  CHIEF  proposed  by  Schenck  [1],  leaves 
the  user  without  the  insurance  of  having  obtained  the  correct  solution. 

The  CHIEF  formulation  proposed  by  Schenck  [1]  uses  the  Helmholtz  Integral  Equation 
for  exterior  problems  with  Interior  points  (CHIEF  points)  to  produce  the  necessary  constraint 
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to  obtain  an  unique  solution,  when  the  constraint  is  satisfied  along  with  the  Helmholtz 
Integral  Equation  with  points  on  the  surface.  This  formulation  has  the  drawback  that  points 
placed  on  a  nodal  surface  of  the  corresponding  Interior  problem  do  not  provide  a  linearly 
independent  constraint  and  are  therefore  useless  ('bad'  CHIEF  points).  The  term  'good'  CHIEF 
points  is  used  for  points  that  do  provide  a  linearly  independent  constraint.  Another  problem 
using  CHIEF  is  how  to  detensine  how  many  'good*  CHIEF  points  that  are  needed  to  obtain  the 
correct  solution  -  recently  it  has  been  reported  [2]  that  the  use  of  only  one  'good'  CHIEF 
point  is  not  in  general  sufficient  at  higher  characteristic  frequencies. 

The  problem  of  characteristic  frequencies  and  interior  nodal  surfaces  is  of  practical 
importance  due  to  the  numerical  treatment:  When  dicretizing  the  problem  bad  solutions  occur 
not  only  at  the  characteristic  frequencies  but  in  a  range  of  frequencies  near  the 
characteristic  frequencies  -  likewise  are  CHIEF  points  placed  near  (and  not  only  on)  the 
interior  nodal  surfaces  'bad'  CHIEF  points.  The  'bandwidth'  of  the  zone  leading  to  false 
solutions  depends  on:  the  frequency,  the  sophistication  of  the  method  (the  order  of  the 
polynomials  used  to  approximate  the  geometry  and  the  acoustic  variables) ,  and  of  the  used 
'fineness'  of  the  mesh.  Since  it  is  unlikely  chat  one  should  chose  a  frequency  exactly  equal 
to  a  characteristic  frequency  it  is  always  (at  least  in  theory)  possible  to  circumvent  the 
non'unlqueness  problem  by  making  the  mesh  finer.  However,  this  is  a  strategy  that  leads  to 
an  enormous  amount  of  computational  work  and  storage  required.  According  to  this  point  of 
view  the  use  of  CHIEF  and  other  methods  to  circumvent  nonuniqueness  may  be  regarded  as 
methods  to  enable  the  user  to  maintain  a  mesh  as  coarse  as  possible  to  obtain  a  given  accura¬ 
cy  when  the  problem  of  nonuniqueness  is  neglected  (a  rule  of  thumb  is  to  chose  the  mesh  size 
to  be  half  a  wavelength).  The  computational  work  of  a  formulation  to  circumvent  nonuniqueness 
is  therefore  an  important  parameter  to  be  considered. 

FORMUIATION 

Assuming  time-harmonic  waves  and  omitting  the  time  factor  the  general  Helmholtz 

integral  formula  [3]  can  be  expressed  in  terms  of  the  complex  pressure  p: 

C(i>)p(P)  =  jp(£?)i^^*i/cZoV((?)G(P)|dS  ♦  4xp^(P)  .  (D 


This  formula  Is  valid  In  an  Infinite  homogeneous  medium  (e.g.  air)  outside  a  closed  body  B 
with  a  surface  S.  In  the  medium  p  satisfies  V^p*k^p  •  0  .  Q  is  a  point  on  the  surface  S,  and 
P  Is  a  point  either  Inside,  on  the  surface  of,  or  outside  the  body  B.  P-{P-Q|  Is  the  distance 
between  P  and  Q,  and  G(P)  -e'“*/P  Is  the  free-space  Green’s  function;  lc~w/c  Is  the 
wavenumber,  where  u  Is  the  circular  frequency  and  c  Is  the  speed  of  sound;  1  Is  the  Imaginary 
unit  and  z.  Is  the  characteristic  Impedance  of  the  medium;  n  Is  the  unit  normal  to  the 
surface  S  at  the  point  Q  directed  away  from  the  body,  and  v  Is  the  (complex)  surface  velocity 
normal  to  the  body.  The  quantity  C(P)  has  the  value  0  for  P  Inside  B  and  4x  for  P  outside 
B.  In  the  case  of  P  on  the  surface  S,  C(P)  equals  the  solid  angle  measured  from  the  medium 
(-2*  for  a  smooth  surface)  [4],  In  order  to  solve  Eq.(l)  numerically  a  mesh  Is  used  to 
dlscretlzlse  the  body  B.  The  acoustic  variables  p  and  v  are  then  supposed  to  follow  a 
specific  shape  (e.g.  quadratic)  between  then  nodes  of  the  mesh.  In  this  way  the  geometry  and 
the  acoustic  variables  of  the  problem  are  defined  by  the  values  on  a  finite  number  (B)  of 
nodes.  In  most  problems  the  values  of  v  are  known  or  may  be  expressed  In  terms  of  p  by  an 
Impedance  relation;  p(Q)-z(Q)v(Q)  (note  however  that  this  formula  Is  valid  only  for  a  locally 
reacting  surface) .  In  order  to  obtain  N  equations  matching  the  B  unknown  values  of  the 
pressure  p  the  point  P  is  placed  on  the  B  nodes  of  the  surface  S.  The  resulting  eqtiatlons 
may  then  be  expressed  In  matrix  form: 

Dp  -  Mv  ♦  p*  , 


where  capital  bold  letters  denote  matrices  and  minor  bold  letters  denote  vectors.  Using  the 
boundary  conditions  with  Eq.(2)  reduces  Eq.(2>  to: 

Cx.y,  <3) 

where  z  is  the  unknown  vector  and  7  la  the  known  vector.  For  the  problem  of  scattering  from 
a  rigid  surface  C  equals  D  and  7  equals  pf,  and  for  a  radiation  problem  where  v  Is  known  C 
equals  O  and  7  equals  Mv. 


SINGULAR  VALUE  DECOMPOSITION 

As  the  frequency  approaches  a  characteristic  frequency  the  matrix  C  becomes  ill- 
conditioned.  The  condition  number  a  may  roughly  be  described  as  the  factor  a  disturbance  of 
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an  eleaent  In  the  matrix  C  or  the  righthand-side  y  Is  multiplied  with  In  the  solution  vector 
X.  As  the  elements  of  C  are  a  result  of  approximations  (discretization  and  numerical  Integra¬ 
tion)  the  uncertainty  of  these  elements  are  usually  larger  than  the  machine  epsilon  (the 
accuracy  In  which  Che  numbers  are  represented  Internally  In  the  computer) .  The  problem  of 
characteristic  frequencies  Is  reflected  In  a  large  condition  number. 

In  handling  singular  matrices  the  Singular  Value  Decomposition  (SVD)  often  Is 
considered  the  ultimate  Cool  (see  e.g.  Press  et  al.(5]>.  The  Singular  Value  Decomposition 
of  a  square  NxK  matrix  A  Is  defined  as 

A  -  l/WV*  , 

where  V*  denotes  the  transposed  of  the  matrix  V.  This  decomposition  Is  always  posslble[S], 
and  programs  to  preform  Che  SVD  are  available  both  for  main- frames  and  for  PC’s  (routines 
are  listed  e.g.  In  Press  et  al.[5]).  The  matrices  U  and  V  are  each  orthogonal  l.e.; 

» 


ISIXSS 

(5a) 

•  ••  •  < 

lAkSH 

(5b) 

■  *ki>  . 

l^nSN 

where  uu  denotes  Che  element  In  row  1  column  k,  and  $  Is  Che  Kronecker  delta.  V  Is  a 
diagonal  matrix,  and  the  values  Wj  In  Che  diagonal  of  V  are  called  the  singular  values. 
Ulchout  loss  of  generality  Che  columns  of  Che  matrices  U,  V,  and  W  may  be  arranged  In  order 
of  descending  Wj's  so  that  Wj  Is  the  largest  element  and  W(  Is  the  smallest.  Since  V  and  V 
are  orthogonal  their  Inverses  equal  their  transposes,  and  the  Inverse  of  A  Is 

A-‘ -  V*(dlag(l/Wj)l.l/^  .  <6) 

Analytically  this  formula  behaves  well  If  none  of  the  Wj's  are  zero,  but  numerical  problems 
arise  If  one  or  several  of  the  Wj's  are  small  compared  to  the  accuracy  of  the  elements  of  A. 
The  condition  number  a  of  a  matrix  Is  defined  as  the  ratio  Wj/wn,  and  the  matrix  Is  said  to 
be  111-condlcloned/slngular  If  this  ratio  Is  large/inflnlte. 

In  order  to  Investigate  the  properties  of  the  SVD  further  It  Is  convenient  to  regard 
A  as  the  racrlx  of  a  linear  mapping: 

r-Ax.  (7) 

l.e.  the  vector  x  Is  mapped  onto  the  vector  j  by  Eq.(7).  The  columns  In  V  and  V  calculated 
by  a  SVD  are  connected  by  the  simple  relation: 


Any  vector  z€l!'  may  be  expressed  by  the  columns  of  V: 

and  the  vector  y  onto  which  x  Is  mapped  by  Eq.(7)  may  be  expressed  using  Eq.(8)  and  Eq.(9): 

In  this  way  (considering  Eq.(8))  the  w^'s  may  be  regarded  as  the  magnification  of  the  v^'s 
when  mapped  onto  the  corresponding  Uj's  (In  some  sense  similar  to  a  'transfer-function').  If 
A  Is  regular  (non-singular)  then  when  x  goes  through  all  possible  combinations  of  the  columns 
of  V  (by  Eq.(9))  y  will  go  through  all  possible  combinations  of  the  columns  of  (f.  Consequ¬ 
ently  the  columns  In  V  spans  a  orthogonal  basis  for  the  solution  space  of  A,  and  the  columns 
of  U  spans  a  orthogonal  basis  for  the  range  of  A  (range  refers  to  'what  may  be  'reached'  by 
A'). 

If  A  Is  singular  Chen  one  or  several  of  the  Wj's  are  zero  (say  the  last  N-R  ones,  R<N) 
and  the  corresponding  last  column(s)  of  V  are  called  singular  vectors  and  are  by  Eq.(8) 
mapped  Into  the  zero-vector: 

Av^  -  0  .  (11) 

In  this  case  A  Is  said  to  be  rank  deficient  (the  rank  of  A  Is  R) ,  and  two  additional 
subspaces  are  needed  In  the  discussion  of  Che  mapping;  The  last  N-R  columns  of  V  are  called 
the  null  space  of  A  (since  they  are  mapped  Into  the  zero  vector),  and  the  corresponding  (last 
N-R)  columns  of  U  are  called  the  orthogonal  complement  of  A  (since  this  vector  space  may  not 
be  ’ reached’  by  A) .  The  solution  space  of  A  Is  then  spanned  by  the  first  R  colusms  of  V,  and 
the  range  of  A  by  the  first  R  columns  of  tl.  These  properties  are  summarized  In  cable  1: 
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Table  1:  The  connection  between  the  four  fimifaTntal  aubepacea  and  the  SVD. 


naiie 

baais  vectors 

dlBenalon 

range 

Ul.Ul. . . .«% 

R 

orthog.  compl. 

•bi*! . «% 

N-R 

solution  space 

. . »k 

R 

null  space 

*k«,  —  ,Vii 

N-R 

If  A  la  the  coefficient  matrix  of  a  system  of  equations  to  be  solved  for  a  known 
right-hand  side  b  l.e.: 


a  singular  matrix  corresponds  to  one  of  two  alternatives;  Either  the  system  of  equations  has 
no  solution  (b  Is  not  In  the  range  of  A)  or  the  system  of  equations  has  one  or  several 
Infinities  of  solutions  (b  Is  In  the  range  of  A,  and  may  be  expressed  as  a  linear  combination 
of  the  first  R  columns  of  A) ,  since  In  this  case  any  combination  of  Che  zero-vectors 
'■Ay  be  added  to  a  specific  solution.  In  contrast  to  e.g.  Che  simple  source 
formulatlon[l]  a  solution  is  known  to  exist  at  characteristic  frequencies,  and  the  latter 
alternative  Is  therefore  Che  actual  one.  The  number  of  zero  Wj  elements  Is  as  previously 
stated  the  rank  deficiency  of  the  matrix  A  and  Is  Che  number  of  missing  linearly  independent 
equations  Chat  must  be  added  In  order  to  maintain  a  system  where  the  number  of  equations 
equals  Che  number  of  unknowns.  The  problem  Is  therefore  to  add  additional  constraints  to  the 
system  of  equations  In  order  to  obtain  an  unique  solution  (or  in  other  words  In  order  to  pick 
out  Che  correct  combination  of  the  singular  vector (s)). 

Numerically  an  exact  singular  matrix  seldom  occurs,  but  the  situation  described  above 
Is  manifested  In  an  Ill-conditioned  matrix.  The  numerical  rank  of  a  matrix,  may  be  defined 
as  the  number  of  wj's  under  a  certain  value  (corresponding  to  a  maximal  condition  number 
chosen  with  regard  to  the  approximations  made  or  with  regard  to  experience).  If  Eq.(6)  Is 
used  without  modifications  at  a  characteristic  frequency  the  solution  vector  may  be  drawn 
towards  Infinity  In  a  direction  that  Is  almost  a  singular  vector  or  In  the  case  of  a  rank 
deficiency  higher  than  one;  a  combination  of  the  singular  vectors  (the  solution  is  polluted 
with  a  constant  times  the  singular  vector(s))  due  to  approximations  made  and/or  round-off 
errors.  (As  previously  stated  round-off  errors  are  mostly  negligible  compared  to  the 
approximations  made . ) 

USING  SVD  IN  BEM 


The  CHIEF  approach  uses  the  Helmholtz  integral  equation  with  Interior  points  In  order 
to  produce  these  linearly  Independent  equations  [1] .  However,  a  CHIEF  point  placed  on  or  near 
a  nodal  surface  of  the  corresponding  Interior  problem  does  not  provide  a  linearly  Independent 
constraint  and  Is  useless  [2]  (or  sometimes  even  more  corrupting  to  the  solution  than  doing 
nothing) .  An  approach  is  to  distribute  a  number  of  CHIEF  points  hoping  that  a  sufficient 
number  of  CHIEF  points  do  not  fall  on  or  near  a  nodal  surface.  The  resulting  overdetermined 
system  of  equations  Is  then  solved  by  means  of  a  least-squares  procedure.  Note  that  the  SVD 
may  also  be  used  in  the  case  of  a  HxN  matrix  (K>N).  In  this  case  U  Is  a  HxN  column- orthogonal 
matrix,  and  the  matrices  V  and  ff  are  both  NxN.  The  (generalized)  condition  number  is  still 
defined  as  the  ratio  w^/we.  In  terms  of  accuracy  the  SVD  Is  more  favourable  than  the  normal 
least-squares  procedure  using  A^A  since  the  matrix  A^A  has  the  condition  number  If  the 
rectangular  matrix  A  has  the  condition  number  x. 

The  theory  In  the  last  paragraph  was  discussed  for  the  case  of  a  real  matrix  A. 
Handling  the  complex  BEN  coefficient  matrix  In  Eq.(3)  may  be  done  either  by  a  complex  SVD 
routine  or  by  rewriting  the  complex  system  of  equations  In  Eq.(3)  to  a  real  system  of 
equations;  With  OAtlB,  x“xA+lx*,  and  y-y^ly*  one  may  rewrite  Eq.(3); 


If  is  a  singular  vector; 


then  it  Immediately  follows  that  -xg'-t-lxo*  Is  a  singular  vector  as  well,  and  this  vector  Is 
evidently  orthogonal  to  x^xo^lxo^.  It  can  be  shown  that  the  singular  values  of  the  matrix 
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in  Eq.(12)  always  are  pairs  of  saae  value  due  to  the  special  structure  of  the  2Nx2N  aatrix, 
and  that  the  two  colunns  in  U  and  V  corresponding  to  the  two  identical  Wj's  have  the  above 
mentioned  property.  In  the  following  exaaq>les  only  one  value  of  the  pair  of  w^'s  is  shoim. 
In  order  to  investigate  the  behaviour  of  the  singular  values  (the  Wj’s)  near  a  fictitious 
elgenfrequency,  SVD  has  been  preformed  on  the  square  BEM  coefficient  matrix  in  the  case  of 
a  rigid  sphere.  The  axisymmetry  of  the  geometries  in  the  presented  examples  has  been  made 
use  of,  and  hence  the  test  case  is  made  on  an  axisymmetrlc  BEM  formulation  where  only  the 
generator  of  the  bodies  Is  dlscretlzied.  The  generator  of  the  sphere  was  divided  into  19  line 
segments  and  20  nodes,  and  p  was  assumed  to  follow  a  linear  variation  between  the  nodal 
values  (v  is  zero) . 


OK  -  13174 

l.lilS 


t  2  ]  4  S  4  7  8  8  to  II  12  13  H  IS  U  V  »»  20  21 


'  ka=3.0  D  ka=3.m5  -  ka=3.3 


Figure  1:  The  singular  values  at  three  frequencies  near 
the  first  fictitious  elgenfrequency  ka-n.  The  last  singu¬ 
lar  value  becomes  very  small  at  ka—w,  whereas  the  other 
singular  values  are  practically  identical  in  the  range 
3<ka<3 . 3 .  This  behaviour  is  directly  reflected  in  the 
condition  number  a-Wj/wi,,  which  becomes  large  at  ka-3.1il5. 

One  of  the  Important  properties  of  the  SVD  can  be  deduced  from  figure  1,  which  shows 
Che  singular  values  of  the  BEM  coefficient  matrix  at  the  frequencies  ka-3,  3.1415,  and  3.3. 
In  the  cases  fca— 3  and  ka— 3.3  all  the  singular  values  are  of  same  magnitude,  and  the  condition 
number  s  is  small  and  the  solution  produced  by  the  normal  BEN  formulation  is  good.  In  the 
case  ka-3. 1415  (very  close  at  ka-x)  the  last  singular  value  becomes  very  small,  and  therefore 
the  condition  number  becomes  large.  Hence  the  solution  produced  by  solving  the  square  system 
of  equations  is  bad  (useless).  Since  only  one  singular  value  becomes  small  at  ka-3. 1415  only 
one  good  CHIEF  point  is  needed  Co  add  sufficient  constraint  to  Che  system  of  equations,  and 
the  condition  number  calculated  by  the  SVD  for  the  overdetermined  system  of  equations 
produced  by  the  BEM  coefficient  matrix  with  a  CHIEF  point  in  the  centre  of  the  sphere  Is 
k-2.6.  Note  that  the  condition  number  for  the  overdetermined  system  at  the  first  fictitious 
elgenfrequency  is  less  than  the  condition  number  at  the  two  nearby  frequencies  (ka-3  and 
ka-3. 3);  this  indicates  that  at  these  frequencies  the  problem  of  fictitious  eigenfrequencles 
is  already  detected  by  the  SVD  due  to  the  'bandwidth*  of  the  fictitious  eigenfrequencles, 
but  is  not  at  this  distance  to  the  fictitious  elgenfrequency  so  severe  that  a  bad  solution 
is  obtained. 

ADDING  A  CHIEF  POINT 

Once  one  by  inspecting  the  singular  values  of  Che  BEM  coefficient  matrix  has  decided 
the  number  of  good  CHIEF  points  needed  to  pick  out  the  correct  solution  to  the  problem  it 
becomes  important  to  be  able  to  estimate  the  quality  of  the  (ailEF  point.  Note  that  if  the 
complex  system  of  equations  has  been  translated  to  a  real  system  by  Eq.(13)  a  CHIEF  point 
provides  Cira  independent  equations  Co  be  satisfied  along  with  Che  normal  BEM  coefficient 
matrix  corresponding  to  the  two  singular  vectors  shotm  to  exist  in  the  previous  section  for 
the  two  identical  singular  values. 

The  SVD  provides  a  very  good  tool  for  deciding  tihether  a  CHIEF  point  is  good:  The 
singular  vectors.  When  a  matrix  A  is  rank-one  deficient  any  constant  times  the  singular 
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vector  nay  be  added  to  a  specific  solution  without  altering  the  rlghthand  side.  Consider  the 
system  of  equations: 

Ax  •  y  (-Alx^tx,))  .  (IS) 


Normally  the  solution  x  found  by  the  SVD  or  any  other  equation  solver  Is  encumbered  with  a 
wrong  constant  times  the  singular  vector,  and  Che  problem  Is  now  to  obtain  an  extra  equation 
to  determine  the  constant  t^  giving  the  correct  solution  Xi-x+CiXt.  If  an  extra  equation  is 
added  to  Eq.(14}  then  the  following  system  Is  obtained; 


(16a) 
(16b) 

Ax  -  y  A  (ai  )  (x*t,Xi)  -  y„  . 

Here  the  first  statement  in  Eq.(I6b)  obviously  is  correct  since  x  is  a  solution  to  Eq.(13), 
and  since  is  a  singular  vector.  1£  the  extra  equation  contains  further  information  than 
Eq.(15)  then  Xq  must  not  be  a  singular  vector  to  the  overdetemined  system,  and  by  using  the 
last  statement  in  Eq.(16b)  this  implies  that: 

-L«o-0.  (17) 


If  Eq.(17)  Is  true  (in  practice  Che  lefthand  side  must  be  greater  than  a  certain  threshold) 
Chen  may  Eq.(16)  be  solved  for  Che  unknown  tj,  and  the  correct  solution  is  thereby  found.  The 
lefthand  side  of  Eq.(17)  may  be  used  as  a  quality  control  of  Che  extra  equation,  since  a 
small  product  Implies  Chat  no  additional  constraint  has  been  obtained.  A  good  choice  for  the 
particular  solution  x  Is  the  least  squares  solution  produced  by  the  SVD  by  zeroing  l/Wj  If 
wj  Is  small  [S];  this  corresponds  to  eliminating  the  influence  of  the  singular  vector  by 
zeroing  Che  constant  with  which  they  are  encumbered  in  a  normal  solution  obtained  by  a  SVD 
with  unchanged  (1/Wj)'s  or  any  other  method  to  solve  linear  equations. 

The  theory  described  above  is  also  valid  for  the  case  of  the  2Nx2N  real  system 
translated  from  the  complex  BEM  coefficient  matrix.  Here  Che  combination  of  two  singular 
vectors  corresponding  to  two  identical  singular  values  is  to  be  found  from  the  two  extra 
equations  added  by  a  CHIEF  point.  Due  to  Che  special  symmetry  of  the  equations  the  largest 
of  the  dot  products  of  an  extra  equation  and  the  singular  vector  (like  Eq.(17))  may  be  used 
as  a  quality  control.  In  order  to  test  this  formulation  the  case  of  a  rigid  sphere  is 
considered  at  ka-6.2832.  The  condition  number  of  the  BEM  coefficient  matrix  in  this  case  is 
12161,  and  a  30  node  discretization  is  used.  The  residual  is  calculated  as  the  vector 
containing  the  difference  between  the  analytical  magnitude  of  the  nodal  pressures  and  Che 
magnitude  of  the  nodal  pressures  calculated  by  the  above  described  method.  At  ka-2x  Che 
interior  nodal  surface  is  a  sphere  with  the  same  centre  and  the  radius  a/2.  Figure  2  shows 
Che  error  calculated  as  Che  length  of  the  residual  vector  and  the  value  of  the  quality 
control  calculated  by  Eq.(17)  as  functions  of  the  p-coordlnate  of  Che  CHIEF  point  Che  z- 
coordlnate  being  zero.  It  Is  evident  that  the  quality  control  is  very  well  correlated  with 
the  solution  error. 


Figure  2:  The  error  and  the  quality  control  as  functions 
of  Che  p-coordlnate  (z-0)  of  the  CHIEF  point  for  the  case 
of  a  rigid  sphere  at  Jce-6.2832. 
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SVD  AT  HIGHER  FREQUENCIES 


At  higher  frequencies  the  nonuniqueness  problea  becones  Bore  severe  due  to  the  close 
spacing  and  to  the  'banduldth'  of  the  characteristic  frequencies.  One  Bay  very  well  encounter 
the  situation  where  the  bands  of  bad  solutions  no  longer  are  disjunct  and  the  solution  Is 
corrupted  by  two  or  aore  characteristic  frequencies  near  any  chosen  frequency.  This  situation 
Is  reflected  In  two  or  aore  saall  singular  values  calculated  by  the  SVD  with  corresponding 
singular  vectors,  and  the  (numerical)  rank  deficiency  of  the  BEM  coefficient  Batrlx  Is 
greater  than  one.  The  number  of  required  good  C^IEF  points  equals  the  number  of  saall 
singular  values,  and  they  aust  be  chosen  so  that  the  quality  control  Is  fulfilled  for  all 
singular  vectors  for  at  least  one  CHIEF  point  (but  a  single  CHIEF  point  does  not  need  to 
fulfil  the  quality  control  for  all  singular  vectors) .  Note  that  the  method  of  quality  control 
and  finding  the  right  combination  of  singular  vectors  are  valid  also  when  the  w^'s  are  not 
exactly  zero  but  less  than  a  threshold  decided  by  the  user.  In  this  way  one  may  at  any  higher 
frequency  benefit  from  adding  CHIEF  points  selected  by  Inspection  of  the  quality  control 
Indicators . 


Figure  3;  Scattering  by  a  sphere  for  ka-15.0397.  Two  CHIEF 
points  are  needed  to  obtain  an  accurate  solution. 


In  order  to  provoke  a  higher  rank  deficiency,  scattering  of  a  plane  wave  with 
magnitude  one  from  a  rigid  sphere  for  ka-lS.0397  Is  considered.  The  generator  of  the  sphere 
Is  dlscretlzled  In  79  elements  and  80  nodes.  In  this  case  two  singular  values  become  very 
small  due  to  the  presence  of  another  fictitious  eigenfrequency  at  ka-15.0335  (k^i/W|,-2466; 
wi/vs- 1-310; 

w,/wg.j-9. 7) ,  and  the  rank  deficiency  of  the  BEM  coefficient  matrix  is  two.  Figure  3  shows 
the  magnitude  of  the  pressure  on  the  surface  as  a  function  of  the  angle  defined  In  the  small 
inset  In  the  figure.  It  Is  evident  that  In  this  case  two  'good'  CHIEF  points  are  required 
to  obtain  an  accurate  solution.  The  CHIEF  points  are  selected  with  respect  to  the  quality 
control . 

DISCUSSION 

The  two  Important  features  of  the  SVD  are; 

1)  The  singular  values,  which  allow  the  user  to  decide  how  many  CHIEF  points  are 
needed  (If  any). 

2)  The  singular  vectors,  which  provide  an  excellent  tool  to  check  the  quality  of 
the  (31IEF  points. 

The  main  disadvantages  of  the  SVD  are  Its  great  complexity  and  the  fact  that 
calculating  the  SVD  is  quite  time  consuming  compared  to  other  methods.  However,  In  BEM  the 
time  consumed  by  setting  up  the  equations  Is  In  most  cases  still  much  larger  than  the  time 
used  to  solve  the  system  of  equations. 

Recently  another  method  to  estimate  the  singular  values  and  the  singular  vectors  -the 
rank  revealing  QR  factorization  (RRQR)-  has  been  dlscovered[6] .  The  RRQR  Is  far  more 
efficient  (In  terms  of  consumed  time  and  storage)  than  the  SVD. 

In  auiny  cases  It  would  be  aore  advantageous  to  solve  the  overdetemlned  system  of 
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equations  arising  from  the  BEH  coefficient  matrix  and  from  the  CHIEF  points  rather  than 
finding  the  right  co^lnatlon  of  singular  vectors  (by  solving  a  small  system  of  equations 
for  the  unknown  t^'s).  Using  the  SVD  this  probably  means  that  a  new  SVD  must  be  calculated 
for  the  resulting  overdetermined  system  of  equations,  but  using  the  RRQR  factorization  it 
is  possible  to  update  the  factorization  when  extra  equations  are  added  to  the  original 
system[7] . 

Note  that  the  attempt  described  in  this  paper  is  valid  for  any  kind  of  extra  equations 
one  may  wish  to  add  to  the  original  BEM  coefficient  matrix.  This  attempt  may  therefore  be 
used  in  more  advanced  formulations  to  circumvent  the  nonuniqueness  problem  like  SuperCHIEF 
or  CHIEF-block  (see  [2]  and  the  references  therein).  The  extra  equations  obtained  by  any  of 
these  advanced  CHIEF  methods  may  be  checked  in  Che  same  way  as  the  ordinary  CHIEF  points. 
Since  these  formulations  often  offer  more  equations  than  the  rank  deficiency  of  Che  BEH 
coefficient  matrix,  Che  resulting  overdetermined  set  of  equations  must  be  solved  in  least 
squares  since  -  e.g.  by  Che  use  of  a  RRQR  factorization. 

It  must  be  emphasized  that  Che  test  cases  presented  in  this  paper  concerns  an 
axisymmecrlc  model  where  the  rank  deficiency  problem  is  less  severe  than  In  a  general  three- 
dimensional  formulation,  but  this  method  is  valid  for  general  three -dimension'll  formulations 
as  well. 

Finally  it  should  be  mentioned  Chat  Che  approach  proposed  by  Burton  and  Hiller  and 
used  in  [4]  also  can  be  expected  to  fail  when  the  frequency  get  so  high  that  Che  bands  of 
bad  solutions  from  the  Heli^olcz  Integral  Equation  and  its  normal  derivative  no  longer  are 
disjunct. 

CONCLUSIONS 

In  this  paper  it  has  been  shown  that  Che  rank  deficiency  of  the  BEH  coefficient  matrix 
at  characteristic  frequencies  may  be  revealed  by  a  singular  value  decomposition  (SVD) . 

It  has  been  shown  chat  due  Co  the  'bandwidth'  of  the  characteristic  frequencies  the 
rank  deficiency  of  the  BEM  coefficient  matrix  may  be  greater  chan  one  when  two  or  several 
characteristic  frequencies  are  near  the  frequency  in  Interest. 

The  number  of  'good'  CHIEF  points  needed  Co  obtain  an  unique  solution  equals  the  rank 
deficiency  of  the  BEM  coefficient  matrix,  and  it  has  been  shown  that  by  making  use  of  the 
singular  vectors  obtained  by  Che  SVD  Che  quality  of  the  CHIEF  points  can  be  evaluated 
reliably. 

This  formulation  may  also  be  applied  to  more  advanced  methods  to  overcome  Che  non¬ 
uniqueness  problem. 

The  author  believes  that  this  formulation  provides  a  useful  tool  not  only  for  solving 
the  nonuniqueness  problem,  but  also  for  maintaining  a  mesh  as  coarse  as  possible  for  a  given 
accuracy.  This  latter  feature  becomes  very  significant  when  modelling  complex  structures  at 
higher  frequencies,  and  the  author  believes  that  by  the  use  of  this  formulation  it  is 
possible  to  apply  BEH  to  a  larger  category  of  problems  chan  up  to  the  present. 
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Abstract 

Boundary  Element  Method  (BEM)  has  found  increasing  use  in  the 
solution  and  analysis  of  acoustic  field  probtems.  The  BEM  requires 
less  grid  generation  and  is  ideal  for  solving  infinite  domain  problems. 

The  BEM  is  computationally  intensive  and  is  suit^le  for  parcel  im¬ 
plementation.  The  three  major  tasks  in  the  implementation  of  BEM 
are: 

•  Computation  of  fl  and  G  action  matrices  using  numerical  in¬ 
tegration.  The  elements  of  these  matrices  can  be  computed  in 
paridlel. 

•  Rearrangement  of  H  and  G  matrices  into  [A]  {X}  =  {B}  form. 

On  a  parallel  machine  this  essentially  means  redistribution  of 
data.  To  minimize  redistributiou  cost  it  is  desirable  to  map  the 
problem  intelligently  on  the  parallel  nrachine. 

•  Solving  for  the  unknown  X  on  the  boundaries  and  at  the  required 
field  points  in  the  interior  of  the  domain.  Here,  parallelism  can 
be  exploited  both  for  computing  X  at  the  boundaries  and  in  the 
interior. 

In  this  paper  we  look  at  the  impiementatioo  of  BEM  on  a  hy[>ercube 
based  par^lel  ntachine,  the  Intel  iPSC-S60.  The  example  problem 
which  we  consider  is  the  solution  of  Helmholtz  equation  inside  a  three- 
dimensional  rectangular  acoustic  duct. 

'Department  of  Computer  Science,  Old  Dominion  Univernty,  Norfolk,  VA 
^Department  of  Compnter  Science,  Old  Dominion  University,  Norfe^k,  VA 
^Department  of  Mechanical  Engineering  and  Mechanics,  <^d  Dominion  University,  Nor¬ 
folk,  VA 
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1  Introduction 

The  numerical  solution  of  acoustic  field  problems  has  attracted  considerable 
attention  in  recent  years.  The  numerical  solutions  have  been  proposed  us¬ 
ing  the  finite  difference,  the  finite  element  or  the  boundary  element  method 
(BEM)  [1].  The  BEM  is  computationally  intensive  and  is  suitable  for  par¬ 
allel  implementation.  In  implementing  BEM  one  can  exploit  parallelism  at 
two  phases.  One  while  computing  the  unknown  quantities  at  the  bound¬ 
ary  elements  and  the  second  while  computing  the  field  values  inside  the 
domain.  Major  part  of  computations  in  both  the  phases  involve  evaluation 
of  mutually  independent  surface  integrals  which  is  ideally  suited  for  parallel 
environment.  The  other  major  computation  is  parallel  solution  of  a  system 
of  linear  equations,  which  has  been  extensively  studied  by  researchers  in 
past,  e.g.  (2,  3) 

In  this  paper  we  look  at  the  implementation  of  BEM  on  a  hypercube 
based  parallel  machine,  the  Intel  iPSC-860.  The  example  problem  is  the 
computation  of  acoustic  field  inside  a  three-dimensional  rectangular  duct 
with  various  boundary  conditions  prescribed  on  the  surface.  The  equation 
governing  the  acoustic  field  quantities  is  the  three-dimensional  wave  equa¬ 
tion. 


2  Boundary  Element  Formulation 

The  acoustic  field  in  a  duct  is  governed  by  the  wave  equation, 
V^p: 


(I) 


where,  c  represents  the  speed  of  sound  in  the  fluid.  The  Laplacian,  in 
cartesian  coordinates  for  three-dimensions,  is 


^  dy'^  dz^ 

By  assuming  the  pressure  in  the  form, 

(px,y,z,t)  =  p(i,y,r)e-'"', 
the  wave  equation  is  reduced  to  the  Helmholtz  equation, 
V^p  =  0,  in  the  domain  ft 


(2) 


(3) 


(■1) 
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where  k  is  defined  as  the  wave  number  (k  =  lu/c).  The  symbol  p  represents 
the  pressure  distribution  and  q  is  defined  by, 


9  = 


dn 


(5) 


where  n  is  the  unit  normal  on  the  boundary. 

Now  consider  the  following  boundary  conditions. 


p  =  ponri  Essential  Condition 

q  =  q  on  V}  Natural  Condition  (6) 


where  the  total  boundary  of  the  domain  11  is  T  =  Ti  +  Tj. 

The  boundary  conditions  basically  consist  of  two  types  of  known  values. 
Either  the  pressure  or  the  normal  derivative  of  the  pressure  is  known  at  the 
boundary  as  seen  in  Eq(6). 

The  method  of  weighted  residuals  statement  of  the  Helmholtz  equation 
is 

^  (vV  +  fc’p)  =  0  (7) 

where  the  fundamental  solution,p*y  or  Green’s  function  for  the  Helmh  Hz 
equation  satisfies 

VV+iV  +  Ai  =  0,  (8) 


and  Ai  is  the  Dirac  delta  function.  The  fundamental  solution  in  three- 
dimensional  space  is 


P  = 


4irr 


and 


e  r  is  the  distance  betv 
stegrating  Eq.(7)  by  pj 

^  (V  V  +  kY)  p  dfi  =  -  qp'dr  -I-  pq'dT. 


(9) 


(10) 


where  r  is  the  distance  between  the  source  point  and  the  observation  point . 
Integrating  Eq.(7)  by  parts  twice,  we  get 


(11) 
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The  term,  Jq  {V^p"  +  k^p*)p  in  Eq.(lO)  can  be  shown  to  reduce  to 
—CtPi.  The  expression  c,-  is  considered  constant  for  each  boundary  element 
and  is  defined  as 


Cl  =  0  outside  the  boundary 
c,  =  i  on  a  smooth  boundary  (F) 

c,  =  1  inside  the  boundary  (il)  (12) 


The  boundary  element  governing  equation  becomes 


CiPi  + 


q-pdr 


(13) 


where  N  is  the  total  number  of  elements.  Eq.(13)  is  applied  to  each  element 
to  form  a  set  of  equations  with  p  or  q  unknown  in  each  element.  Substitut¬ 
ing  the  fundamental  solution,  Eq.(9),  into  the  boundary  element  governing 
equation,  Eq.(13),  gives 

^  .  N  . 

e.Pi+L/  P  W4»r)(-l/r  +  ifc)e’*']dr  =  5^/  ,  [(i/4irr) e'*']  dM  14 ) 

y=i  >=i  •'1'^ 

If  constant  elements  are  used,  p  and  q  are  assumed  constant  over  each 
element.  Therefore,  p  and  q  can  be  extracted  from  the  integrals  in  Eq.(  14). 

System  of  equatiocu. 

By  applying  the  governing  equation  to  each  element,  a  set  of  equations  is 
formed  which  can  be  represented  in  matrix  form.  The  integrals  in  Equations 
(13)  and  (14)  can  be  written  as 

Hi,  =  q’dr,  Gi,  =  p'dT  (1.5) 

for  constant  elements.  The  integrals  in  Eq.(lS)  are  solved  using  a  four-point 
Gauss  quadrature  technique.  The  system  of  equations  becomes 


CiPi  -1-  Hi, Pi  —  Gijqi- 


(16) 


The  api  term  can  be  combined  with  the  Hij  term  to  form  a  new  matrix  H,, 


Iff  if 


'  =  J 


(17) 
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Therefore,  Che  system  of  equations  in  matrix  form  is 

[H\{P}  =  [G]{Q}  (18) 

Both  {P}  and  {Q)  vectors  contain  known  and  unknown  values  of  p  and 
q.  To  solve  £q.(18),  Che  matrices  will  he  transformed  into  a  new  matrix 
equation 

IA]{X]  =  {B}-.  (19) 

where  all  the  unknowns  are  in  {Jf).  After  solving  the  system  of  equations, 
all  the  p  and  q  terms  are  known  at  the  boundary.  If  any  values  of  internal 
points  are  required,  they  can  be  found  only  after  the  boundary  values  have 
been  calculated. 

3  Parallel  Implementation 

3.1  Intel  iPSC-880 

The  Intel  iPSC-8€0  is  a  large-scale  parallel  supercomputer  with  a  Multiple 
Instruction  Multiple  Data  distributed  memory  architecture.  Computation 
is  carried  out  in  physically  independent  processors  referred  to  as  nodes.  The 
nodes  are  physically  connected  in  a  multidimensional  hypercube  topology. 
A  hypercube  of  dimension  d  has  2''  processors  labeled  0  to  -  1,  with  a 
connection  between  two  processors  if  and  only  if  the  binary  representations 
of  the  labels  of  these  processors  differ  in  exactly  one  bit.  The  interconnection 
network  of  a  16  node  hypercube  is  shown  in  Figure  1. 

A  single  node  of  an  Intel  iPSC-860  is  a  fully  functional  computer  system 
containing  an  i860  microprocessor  with  I/O  fadlities.  The  Intel  i860  mi¬ 
croprocessor  uses  an  advanced  architecture  to  deliver  balanced  integer  and 
floating-point  performance.  The  iPSC-860  systems  are  scalable  from  8  pro¬ 
cessors  to  128  processors,  with  peak  performance  ranging  from  480  MFLOPS 
for  an  8  processor  system  to  7.6  GFLOPS  for  a  system  with  128  processors. 
Each  processing  node  can  have  8  to  64  MBytes  providing  total  system  mem¬ 
ory  ranging  from  64  MBytes  to  8  GBytes.  Communication  among  nodes  is 
a  critical  performance  element  for  parallel  processing  computers.  The  Intel 
iPSC-860  nodes  communicate  via  Intel’s  proprietary  Direct-connect  internal 
network,  a  message  passing  system  that  dynamically  creates  communication 
circuits  between  communication  nodes.  When  two  nodes  wish  to  communi¬ 
cate,  the  network  builds  a  communication  channel  between  them  for  as  long 
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as  the  comniunication  lasts  and  transmits  the  message  at  a  bi-directional 
rate  of  5.6  MBytes/sec.  Total  communication  bandwidth  scales  with  the 
number  of  computing  nodes. 

3.2  Parallel  Implementation  of  BEM 

An  informal  description  of  a  parallel  implementation  of  BEM  on  the  Intel 
iPSC-860  is  as  follows. 

Step  1.  Distribute  geometry  information  about  the  physical  domain  in¬ 
cluding  the  elements  details  to  all  the  p  nodes  of  the  iPSC-860  system. 
Step2.  Assign  k  =  S/p  distinct  elements  to  each  node,  where  n  is  the  total 
number  of  elements.  Each  node  then  computes  2Jt(n  -  1)  integral  expressions 
using  gauss  quadrature.  After  this  step  we  have  all  the  elements  of  action 
matrices  H  and  G  distributed  over  various  nodes  of  the  system. 

Step  3.  Redistribute  and  combine  the  elements  of  H,  G,  P,  and  Q  so 
<is  to  get  the  AX  =  B  form.  The  redistribution  is  such  that  contiguou.s 
columns  of  A  are  mapped  to  a  node.  We  have  opted  for  this  distribution 
because  we  intend  to  use  the  system  solver  package  developed  by  Dongarra 
and  Ostrouchov  (2l. 

Step  4.  Solve  for  X  using  an  the  package  described  in  [2J.  After  this  step 
we  have  all  the  information  about  the  boundary  points  which  is  distributed 
to  all  the  nodes  of  the  system. 

Step  5.  Let  Nd  be  the  total  number  of  points  of  interest  in  the  interior 
domain.  Assign  Nii/p  points  to  a  node  of  the  iPSC-860  system.  Each  node 
then  computes  field  values  for  P  points  by  evaluating  surface  integrals 
using  Gauss  quadrature. 

To  illustrate  these  steps  in  some  detml,  let  us  consider  an  example  where 
the  problem  domain  is  divided  into  24  boundary  elements,  as  shown  in  Fig¬ 
ures  2-3  (  four  elements  per  face  of  the  duct).  The  hypercube  chosen  for  this 
example  has  a  dimension  2.  In  the  first  step  we  distribute  the  geometry  in¬ 
formation  (consisting  of  the  coordinates  of  end  points  and  mid  point  of  each 
element)  of  the  entire  domain  to  all  four  nodes  of  the  hypercube.  Figure 
4  shows  the  distribution  of  these  24  elements  to  the  nodes  of  the  hyper¬ 
cube.  Figure  5  indicates  the  generation  of  the  columns  of  G  and  H  matrices 
corresponding  to  the  elements  mapped  onto  each  node.  For  example,  node 
PEo  generates  first  six  columns  of  G  and  H.  Generation  of  a  column  of 
G  oT  H  involves  23  surface  integrals  (Note  that  the  diagonal  element  which 
corresponds  to  the  singularity  is  analytically  obtained.).  The  rearrangement 
step  basically  involves  (i)  a  local  sub-matrix  into  vector  operation  resulting 
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in  6‘’8,  and  (ii)  movement  of  6'’s  across  the  nodes.  This  is  illustrated  in 
Figures  6-8.  The  implementation  of  Step  5  is  similar  to  that  of  Step  2. 

4  Preliminary  Study 

Our  preliminary  study  is  for  a  rectangular  duct,  the  surface  of  which  has  been 
modeled  using  constant  quadrilateral  elements.  The  boundary  conditions  on 
the  rectangular  duct  would  be  as  rigid  walls  on  four  of  longer  faces.  We  will 
incorporate  a  harmonic  time  dependent  forcing  function  on  one  of  the  smaller 
faces.  The  boundary  condition  on  the  opposite  small  face  will  consist  of  (i) 
rigid  wall,  (ii)  pc  termination,  and  (iii)  impedance  termination.  Preliminary 
results  will  be  presented. 
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Figiue  2.  A  rectangular  duct. 


Figure  1.  Interconnection  network  for  a 
sixteen  node  hypercube. 


Figure  3.  Division  of  the  six  faces  of  the  rectangular  Figure  4.  Boundary  elements  mapping  on 
duct  into  boundary  elements.  a  2-dimensional  hypercube. 
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The  computational  method  for  calculating  of  Complex  Vibratory  struct¬ 
ures'  Sound  Radiation  into  an  infinite  acoustical  medium  is  developed  using 
a  modified  Boundary  Integral  Equation  (BIE)  technique.  The  two-level  proce¬ 
dure  is  presented  as  the  computational  shell  for  Sound  Radiation  of  heavy- 
loaded  structures  when  their  vibration  in  air  is  numerically  predicted. 

The  method  is  compared  to  the  conventional  modal  analysis  approach.  Numeri¬ 
cal  results  are  presented  for  the  normal  point-force  driven  free-free  beam 
in  water. 

The  radiation  field  of  a  complex  structure  vibrating  with  a  speciefied 
distribution  of  the  normal  velocity  Vni?)  at  its  surface  S  can  be  calcula¬ 
ted  using  Boundary  Integral  Equation  [1-3] 


0.5  pC?)+  ^p(x).g^(r,3r)dS  =  -Jwj^Vn(x).g^  (*■,?)  dS  ,  (1) 

where  pd)  is  a  surface  pressure  to  be  computed;  "S,"?  are  the  source  and 
surface  field  points;  0  is  the  density  of  the  acoustic  medium;  <d=2'J(‘f; 
g^(z,x)=exp( jkr)/4]i r  is  a  free-space  Green  function  for  the  infinite  aco¬ 
ustic  medium;  ul/c -wavenumber;  g  =  Bg^/dn  is  the  Green  function’s  nor¬ 
mal  derivative.  After  pCZ]  is  calculated  from  Eq.l  Sound  Field  at  any  ar¬ 
bitrary  point  can  be  computed  using  Helmholz  integral.  More  over,  Sound  In¬ 
tensity  mapping  can  be  added  to  observe  acoustic  energy  distribution.  To¬ 
tal  radiated  power  and  radiation  efficiency  also  can  be  derived  numerical¬ 
ly.  So  using  BIE  technique  the  compete  solution  of  the  Sound  Radiation  Pro¬ 
blem  can  be  obtained. 

Unfortunatly,  when  the  normal  component  of  the  surface  velocity  VnCJ) 
is  not  specified,  it  should  be  derived  from  the  matrix  equation  of  the  bo¬ 
dy-motion 


[M]  {’x*}  +  [R]  {X}  +[k]  {X)  =  {Q)-{P}  ,  (2) 


where  [N] ,  [R],  [k]  are  the  mass,  damping  and  stiffness  matrices;  {x}  and 
(Q)  are  the  vectors  of  the  surface  displacements  and  the  intensity  of  the 
applied  forces;  (P}*'  ={0,0, p)  is  the  acoustic  radiation  loading.  In  case 
of  "light"  acoustic  medium  (in  air)  the  surface  pressure  loading  (P)  in 
Eq.2  can  be  ignored  and  Vn(j)  is  easily  computed  (any  commercial  Finite 


Element  or  Modal  Analysis  software  can  be  used).  But  when  the  acoustic  lo¬ 
ading  is  heavy  (in  liquids)  Eq.l  and  2  must  be  treated  simultaneously,  be¬ 
cause  Vn(if)  depends  on  the  un)cnuwn  distribution  of  the  surface  pressure. 
Many  efforts  has  been  done  to  combine  BIE  with  the  conventional  eigenvalue 
analysis,  but  all  of  them  couldn't  provide  the  exact  solution,  because  of 
the  Modal  Coupling  problem  in  Sound-Structure's  Interaction. 

Nevertheless  such  a  solution  can  be  obtained  using  a  definition  of  the 
displacement  vector  {x}  as  a  convolution  of  the  structural  Green  function 
G(5f, y)  with  the  intensity  of  the  applied  forces  [4): 


{X}  =  \  C  G(x,y)  ].({Q(y)}  *  {P(7)}  )  dS. 


Thus  the  displasement  of  a  fluid-loaded  surface  is  presented  as  a  sum 
of  that  one  (x), for  the  unloaded  structure  and  a  convolution  of  its  Green 
function  and  the  surface  presure  p(y) 


(x)  =  (x)  + 

0 

V 


\ 


(x,"?)-  p(y) 


dS 


(3) 


where  Gj(ir,7)=  ^  G,  is  the  normal  component  of  the  N-dlmensioned  compl¬ 
iant  matrix. 

Substituting  Eq.3  into  Eq.l  one  can  obtain  the  modified  BIE 


\ 


0.5  pC?)  ♦  \  p(?)- g_.()r.z)  ds 


pr 


J  \  C", 


(y?,-5)  dS,  (4) 


(O)  X. 

where  Q'  =-  CD  •  (x)  is  the  normal  surface  acceleration;  the  )<ernel 


g  (?,y)  =  g  (7,y) 

Pv  'f 


Ca> 

(?,'5)  G^(jr,7)  ds 


contains  the  additional  member  which  is  the  convolution  of  the  structural 
G?’=  - C0*G j  and  medium  gp  Green  functions. 

*  Thus  the  two- level  procedure  of  BIE  method  is  presented  for  the  acous¬ 
tically  loaded  structures.  At  first  the  fluid  loading  is  ignored  and  the 
in-vacuo  acceleration  a^’  and  the  Structural  Green  function  is  calculated 
using  any  available  software.  Then  the  surface  pressure  distribution  is 
computed  from  Eq.4.  At  second  the  vibration  of  the  loaded  structure  is  de¬ 
rived  from  Eq.3.  As  a  result,  Helmholz  integral  formula  predicts  the  pres¬ 
sure  at  any  arbitrary  field  point. 

The  numerical  solution  of  3d  Helmholz  integral  eqation  and  the  problem 
of  its  uniqueness  were  discussed  in  various  publications. The  Combined  Hel¬ 
mholz  Integral  Equation  Formulation  (CHIEF)  [3]  was  prefered.  The  body 
surface  S  was  devided  into  N  planar  elements  assuming  that  the  velocity 
and  pressure  distribution  were  iniform  over  each  of  the  surface  element 
AS.  For  this  case  Eq.4  can  be  rewritten  in  the  matrix  form 


{  [I]  +  [D]  }  {p}  =  (0)  {a*’} 


(5) 


where  =  2  \  gav(rqs).dS  and  Q^s  =  2^  \  9p(r^).dS  are  coefficients, 
related  the  contribution  of  the  dipole  and  monopole  elementary  sources. 
This  coefficients  are  calculated  numerically  [5];  [I]  is  the  Unit  matrix. 

It  is  interesting  to  compare  the  modified  BIE  procedure  with  the  ap¬ 
proach,  based  on  the  conventional  modal  analysis,  previously  developed  in 
Sound-Structure's  interaction  problem.  For  this  purpose  the  in-vacuo 
a^(y)  and  fluid-loaded  Sn^?)  surface  acceleration  can  be  given  in  series 


where  Ay 


(n 

and  Av  are  nodal  complex  anplitudes 


=  L 


\  %  (?) 


(6) 


(?)  is  the  in-vacuo 
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orthonormal  modal  functions. 

The  structural  in-vacuo  Green  function  has  a  well  known  representation 

[6] 

^  •  SfyCy)  /  »,(1-  Sj/to*  )  ,  (7) 

y 

where  m^  is  the  modal  (per  unit  area)  mass;  Oy  is 

the  natural  frequency  of  the  V  -mode;  is  the  corresponding  in-vacuo  loss 
factor.  Neglecting  the  influence  of  the  surface  dipole  sources.  p(7t)  is 
represented  by 


P(x) 


a„(y)  gy(x.y)  ds  . 


(8) 


Substituting  (6-8)  into  Eq.4  one  can  derive  the  infinite  system 


z 

Jf 


A.(  m^„  /  (  m.(l-  a>f /to*' 
J  y*  J  o' 


)]  =  A. 


(0) 


where  m«„  =  -2  p  ^^^(y)  <*)g,(x.y)  dS  ds„  is  the 

entrained  mass.  %  5,  * 

If  the  modal  coupling  is  not  considered,  then  from  Eq.9 


(9) 

complex  modal 


_A*  =.  - - - - - 

^  1-  u>‘/125  -  j( 


where  =  COv  /  }/ 1  ^  is  the  resonant  frequency  of  the  fluid  loaded 

structure;  JTv  is  the  entrained  mass  coefficient  for  the  V  -  mode;  2^~ 
y  /  O  mjis  the  sound  radiation  loss  factor;  m^(  Ifv  +  j  Jj"  ) 

is  the  complex  entrained  mass  of  the  V  -mode  which  radiation  efficiency  is 
• 

Thus  one  can  notice  that  the  eigenvalue  approach  can  be  derived  from 
the  BIE  method  which  provides  the  most  efficient  instrumentation  to  solve 
the  modal  coupling  interaction  problem  for  the  fluid-loaded  structures. 

The  numerical  results  were  recieved  for  a  normal  point  force  driven 
free- free  thin  beam.  The  exact  solution  for  the  Structural  Green  function 
is  given  in  [7],  using  Krilov's  functions  Vj_(j|x/L),  i  =  l,..,4 


G(x/x',  If  / 


[j<(x-x')/L]H}cos(«f-if  ’)  , 


where  Jl  =k^L(l-j  is  the  in-vacuo  bending  wave-number;  L 

is  the  beam's  length;  M  is  it's  in-vacuo  total  mass;  {x,*9  }  -cylindrical 
coordinates;  H=l,  if  x  >  x',  else  H=0; 

fi  =V*(j,)-V^  (J)  (J,)  ;  ' 

The  modified  BIE  method  was  used  In  the  low  frequency  band  kr_<  1, 
where  kr^  is  the  beam's  wave-radius.  The  in-vacuo  loss  factor  'J_=0.01. 
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F19-1  shows  the  frequency  response  at  the  excitation  point  x-L/2, 
of  the  beam  in  air  (solid  line)  and  in  water  (dashed  line)  when  the  unit 
force  is  applied  normally.  The  acceleration  level  La  is  plotted  in  deci¬ 
bels  re.  a  =1/H.  The  chosen  beam  parameters  provided  the  first  bending  in 
-vacuo  resonance  k^L=4.73,  when  kr^^O.lS.  The  second  natural  frequency 
can't  be  observed  because  of  the  exitation  point  at  x=L/2.  The  third  reso¬ 
nance  kaL=ll  is  out  of  span  kr^<  1.  The  resonant  maxlmuiii  of  La  and  the 
frequency  shift  were  compared  with  the  results  of  modal  analysis  and  were 
in  a  good  agreement  when  krQ<l.  The  cylindrical  surface  of  the  beam  was 
covered  with  planar  elements  (2jtr|y/N^)  L/N^.  The  two  flat  covers 

of  the  cylinder  were  broken  onto  N_*  N,«  sectors  by  circles  (N,.  =9; 

N„  =15;  N.J.  =2)  . 

Fig. 2  shows  the  pressure  distribution  along  the  line  lx|<  1.5  L,  par¬ 
tly  coinsiding  with  the  beam  surface  r=r^  at  ^  =0.  The  solid  line  curve  1 
shows  the  pressure  distribution  at  the  first  resonant  frequency  in  water 
(kr^  =0.13).  The  pressure  is  plotted  in  decibels  re.  p  =1/5,  where  S  is 
the  surface  area  of  the  beam.  The  dashed-line  curve  2  corresponds  to  the 
normal  acceleration  at  this  frequency.  It  is  interesting  to  notice  that 
the  surface  pressure  follows  the  normal  acceleration  in  the  limits  of  the 
beam  except  the  edges  of  the  aperture,  where  the  pressure  field  decays  ve¬ 
ry  rapidly  when  Ut  >  L/2.  This  fact  was  noticed  in  [6]  using  the  Generalis¬ 
ed  Nearfield  Acoustical  Holography  (GENAH)  approach.  The  same  result  is 
noticed  at  a  non  resonant  frequency.  Solid-line  curve  3  shows  the  pressu¬ 
re  distribution  at  kro=0.2  in  water.  One  can  see  that  it  still  corresponds 
to  the  first  mode  of  the  beam,  but  the  level  is  much  lower.  To  compare  to 
the  beam  curve  4  shows  the  surface  pressure  distribution  over  the  solid 
body  of  the  same  form  and  weight  at  ki^=0.2.  Now  it  has  nothing  in  common 
with  the  beam  distribution.  Besides  the  surface  pressure  far  field  was  ca¬ 
lculated.  When  the  distance  R/u  >1.5  the  pressure  level  was  topical  for 
the  equivalent  dipole  source. 

For  the  more  complex  heavy- loaded  vibratory  systems  the  developed  ap¬ 
proach  on  a  base  of  modified  BIE  method  can  be  used  as  a  computational 
shell  for  sound  radiation  calculations,  when  their  vibtation  in  air  is  nu¬ 
merically  predicted. 
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Figure  1--Beaia  normal  surface  acceleration  distribution  in  air 
and  in  water 


Figure  2--  Beam  surface  pressure  distribution 
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Aversion  of  the  boundary  elementmethod  isconsidered.  Theexternal  boundary—  value  problem  is  brought 
to  surface  integral  of  the  first  kind  for  an  unknown  surface  characteristic  of  sound  field:  pressure  if  the  Neumann's 
problem  is  considered  or  normal  veloslty  for  the  Dirichlet's  problem.  It  is  shown  that  the  fundamental  solutions 
of  the  integral  equation  are  the  boundary  values  of  standing  waves  existing  in  the  interior  region  at  the  character¬ 
istic  frequencies  and  so  the  nonunique  solvability  of  the  integral  equation  is  not  transfered  to  the  external  problem 
solution  writted  by  the  Helmholtz's  integral.  The  merit  of  the  method  is  illustrated  on  the  example  of  calcula¬ 
ting  the  sound  field  of  the  pulsating  sphere. 

A  method  of  boundary  elements  is  widely  used  for  numerical  solution  of  sound  radiation  and  scattering 
problems.  The  solution  is  presented  in  an  intecral  form  and  the  problem  comes  to  an  integral  equation  relatively 
to  an  unknown  field  characteristic  (sound  pressure  or  normal  component  of  vibrating  velocity)  on  the  boundary 
surface. 

The  most  difficult  is  the  task  of  selecting  and  solving  an  integral  equation  because  it  is  connected  with 
nonunique  solvability  of  equations  at  Dirichlet's  or  Neumann's  eigenfrequences  of  the  interior  region  determined 
by  the  boundary  surface  [1] .  To  overcome  the  obstacle  at  present  the  most  widely  used  are  two  methods  [2, 3] : 
the  method  offered  by  Schenk  (4]  in  which  the  problem  is  brought  to  an  overdetermined  system  of  equations  and 
the  method  of  Burton  and  Miller  [5]  in  which  a  combined  integral  equation  is  used.  Under  certain  constraints 
both  methods  make  it  possible  to  attain  unique  solution  of  the  equations  and  problem. 

If  the  final  task  is  calculating  of  field  characteristics'ouuide  of  the  boundary  surface,  there  exists  a  venion 
of  the  method  of  boundary  elements  which  does  not  require  a  unique  solution  of  the  integral  equation.  The  prob¬ 
lem  is  brou^t  to  an  integral  equation  of  the  first  kind  nonunique  solvability  of  which  due  to  specific  properties 
of  eigenfunctions  of  a  homogenious  equation  does  not  transfer  to  the  solution  of  the  exterior  problem  expressed 
by  the  Helmholtz's  integral.  In  the  case  of  the  Dirichlet's  problem  that  result  was  obtained  in  the  work  (61 .  In 
die  present  article  it  is  transfered  on  the  cate  of  the  Neumann's  exterior  problem.  It  makes  it  true  for  all  problems 
of  sound  radiation  and  scattering  in  which  the  question  of  nonunique  solvability  is  present. 

Let  us  consider  a  problem  of  determining  a  radiation  field  of  a  body  vibrating  with  a  predetermined 
velocity  v  on  its  surface  S.  In  a  mathematical  sense  this  problem  is  equivalent  to  a  problem  of  sound  scattering  on 
a  stiff  obstacle  and  is  formulated  for  harmonic  time  dependence  as  the  Neumann's  exterior  problem  for  the  homo¬ 
genious  equation  of  Helmholtz.  Let  us  put  down  a  solution  in  the  form  of  the  Helmhoitt's  integral  (7J 


(1) 


P(x)  =  f{  p(y)  - - ikpcv(y)}  glx,  y)dS, 

S 

where  P(x)  and  P(y)  are  sound  pressures  in  the  point  x  of  the  exterior  region  and  in  the  point  y  located  on  the 
surface  S  of  the  body;  (d/3ny)  is  the  derivative  with  respect  to  exterrtal  normal  to  the  surface  S  in  the  point  y; 
g(x,  y)  °  exp(ik|x-ylV(4ir|x— y  I)  is  the  free  space  Green's  function  ;  k  is  the  wave  number;  p  and  c  are  the 
medium  density  and  the  sound  velocity  in  it. 

Taking  the  derivative  of  Eq.d)  with  respect  to  the  exterior  normal  to  S  in  the  point  y^  on  S  and  terxfing 
the  point  X  to  S(x  yo  -*-0)  due  to  the  boundary  condition  dp/dn  =  ikpcv  we  obtain  an  integral  equation  of  the 
first  kind  relatively  to  unknown  distribution  of  pressure  p(v)  on  S: 
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The  integral  in  the  left-hand  side  of  Eq.(2)  should  be  understood  in  the  sense  of  the  Caushy's  principal 
value  .  Some  methods  of  its  regulation  are  examined  in  the  works  [2,  5] . 

It  is  known  [1]  that  the  Eq.(2)  has  not  a  unique  solution  if  the  wave  number  coincides  with  an  eigen 
value  k{(i »  1,  2, . . .)  of  the  interior  Neumann's  problem. 

Let  us  determine  the  physical  sense  of  characteristic  solutions  of  the  homogenious  integral  equation. 

The  solution  p'  of  the  homogenious  interior  Neumann's  problem  (with  the  boundary  conditioTi  v'  (y)°0 
on  S)  written  down  with  the  Helmholtz's  integral  lookes  like  as  follows; 


p'(x)  =  — /p'(v)--3i^J.^dS  for  X  inside  S 
S  ®"y 


(3) 


Let  us  differentiate  Eq.  (3)  with  respect  to  the  exterior  normal  to  the  surface  S  in  the  point  yo  and 
tend  the  point  x  to  S:  x  -►  yo  —  0  .  As  the  furx^tion  p'(y)  is  continuous  on  S  the  potential  of  the  double  layer  (3) 
has  continuous  normal  derivative  on  S  [  1  ] .  As  a  result  satisfying  the  boundary  condition  of  the  problem  we  obtain 
the  equality 


an, 


3  flgivo.y) 

f  p'(v) - r - dS  =  0, 

Vo  s  "'V 


which  coincides  with  the  homogenious  equation  for  Eq.(2)  and  shows  that  the  solution  of  that  equation  is  the 
boundary  value  of  the  Neumann's  interior  problem  solution. 

Using  the  way  identical  to  that  applied  in  the  work  [6]  it  becomes  possible  to  show  that  if  the  eigen 
value  k|  is  degenerate  of  order  n  the  boundary  values  pj(y)  |j  =  1 , 2, . . .,  n)  of  principal  solutions  of  the  Neumann's 
interior  problem  form  the  basis  of  the  eigen  functions  of  Eq.  (2),  that  is  they  are  the  only  set  of  linearly  independ¬ 
ent  fundamental  solutions  of  homogenious  integral  equation. 

General  solution  of  Eq.  (2)  should  be  written  down  as  follows; 


p(v)»p®(y)+2  Cji^'(y), 


J-i 


(4) 


where  p*  is  the  particular  solution  depending  on  the  right-hand  side  part  of  the  equation  and  constants  cj  may 
have  any  values. 

From  the  mathematical  property  of  the  Helmholtz's  integral  it  follows  that  for  pj  (y)  the  next  equality 

is  true: 


ag(x,  y) 

/  pMv) — r - dS”0  forx  outside  S. 

s  ' 

In  a  physical  sense  it  reflects  the  fact  that  the  fundamental  solutions  of  the  integral  equation,  being 
the  boundary  values  of  standing  waves  which  exist  inside  S  upon  eigen  values  of  the  wave  number,  do  not  give 
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any  contribute  to  the  exterior  field.  .  ,  .  .  ,  ,  ,  .  ■ _ 

As  a  result,  substituting  Eq.(4)  in  Eq.(l)  vye  see  that  the  required  solution  p(x)  of  the  extenor  problem 

depends  only  on  a  particular  solution  of  the  integral  aquation.  So,  despite  the  fact  that  the  solution  of  the  in¬ 
tegral  equation  is  not  a  unique  one  found  out  with  the  help  of  the  Helmholti's  integral  (1)  solution  of  the  exterior 
problem  is  a  unique  one.  The  considered  method  of  boundary  elements  hat  an  advantage  over  the  version  based 
on  an  integral  equation  of  the  second  kind  [81  a  nonunique  solution  of  which  is  completely  transfered  to  the 
pressure  of  the  exterior  field  written  down  with  the  help  of  Eq.(1|. 

As  an  illustration,  curves  of  dependence  of  the  maximum  relative  error  5,  %  (in  comparison  with  an 
analitic  solution)  versus  wave  radius  ka,  obtained  by  calculation  of  the  radiation  field  of  a  pulsating  sphere  with 
the  radiu.«  a  using  the  above-mentioned  method  are  shown  in  Fig.  1(a).  The  calculations  were  carried  out  for  the 
range  of  wave  numbers  including  the  first  two  eigen  values  of  the  Neumsnn’s  interior  problem  for  which  ka=4.49 
and  ka  °  7.25.  The  dash  line  corresponds  to  the  error  which  appeared  in  the  solution  of  the  integral  equation  (2). 
The  solid  line  corresponds  to  the  error  of  pressure  in  the  radiation  field  in  points  of  the  sphere  with  the  10a 
calculated  with  the  help  of  Eq.(1).  Increasing  of  the  error  up  to  100%  in  the  solution  of  the  integral  equation  in 
the  visinity  of  the  characteristic  frequences  does  not  influence  on  the  results  of  the  radiation  field  calculation. 
For  comparison  the  analogues  curves  corresponding  to  the  error  appearing  when  the  integral  equation  of  the 
secortd  kind  is  used  [81  are  represented  in  Fig.  Kb).  The  error  in  the  solution  of  the  integral  equation  is  fully 
transfered  to  the  results  of  the  radiation  field  calculation. 
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ABSTRACT 

When  a  thin  structure  of  inflnitesiina]  thickness  is  submerged  in  an  infmite  acoustic  medium,  the  acoustic 
velocity  field  contains  a  singularity  at  the  knife  edge  of  the  thin  stnicture.  This  problem  resembles  a  crack 
problem  in  fracture  mechanics.  In  diis  paper,  a  bour^ary  element  formulation  using  a  C^chy  principal  integral 
equation  is  used  to  model  this  acousticsd  crack  problem.  Quadratic  isoparametric  elements  are  used  in  the 
formulation  so  that  the  knife-edge  singularity  can  ^  easily  mo^M  by  the  quarter-point  technique. 

INTRODUCTION 

Sound  radiation  and  scattering  from  thin  bodies  has  many  important  applications  (such  as  transducers 
and  fins)  in  acoustics.  It  has  been  known  that  the  conventional  boundary  element  method  (BEM)  using  the 
Helmholtz  integral  equation  is  not  suitable  for  problems  involving  thin  borfies.  The  major  difficulty  is  due  to  the 
fact  that  the  m^  on  one  side  of  a  thin  body  is  too  close  to  the  mesh  on  the  opposite  side.  Therefore,  extremely 
fine  meshes  have  to  be  used  and  nearly  singular  behavior  may  occur  in  the  integral  equatirm.  This  problem  is 
very  similar  to  the  crack  problem  in  fracture  mechanics.  One  way  to  solve  a  thin-body  problem  is  to  use  the 
multi-domain  BEM  formulation  ( 1  ].  However,  it  requires  a  lot  of  preprocessing  efforts  arid  may  also  result  in  a 
very  large  system  of  equations  becwise  an  imaginaty  interface  surface  has  to  be  constructed  and  discretized. 

A  mote  elegant  way  to  solve  the  thin-body  problem  is  to  use  the  normal  derivative  integral  equation. 
However,  it  involves  the  evaluation  of  a  hypersingular  integral  in  the  order  of  1/r^,  which  is  integrable  only  in 
the  finite-part  sense.  Several  techniques  have  been  proposed  to  regularize  this  hyper-singular  integral  [2-5].  In 
this  paper,  we  briefly  review  a  recent  BEM  formuMon  to  solve  the  thin-body  problem  [6].  This  formulation 
uses  a  less-singular  normal  derivative  integral  equation,  originally  derived  by  Maue  (7)  and  later  by  Mitzner  [8] 
using  a  different  approach.  The  normal  derivative  integrd  equation  by  Maue  is  less  singular  because  the 
singularity  is  in  the  order  of  l/r^  only  and  it  converges  in  the  Cau^y  principal  value  sense  rather  than  only  in  the 
finite-part  sense.  Numerical  integration  of  the  Cauchy  principal  singularity  in  Maue’s  equation  can  be  achieved 
by  subtracting  a  term  at  die  singulu  point  and  then  adding  the  term  back  [9]. 

It  shwld  be  noted  that  the  convergence  of  Mane’s  equation  requites  two  continuity  conditions  (6,9]. 
The  first  condition  is  that  the  sound  pressure  must  be  continuous  everywhere.  This  requires  the  use  of  at  least 
the  C9  continuous  elements.  The  second  condition  is  that  the  tangential  derivatives  of  the  sound  pressure  must 
be  continuous  at  collocation  points.  This  is  the  C*  continuity  condition.  The  simplest  way  to  satisfy  both  of  the 
CP  and  C*  continuity  conditions  simultaneously  is  to  use  the  regular  Cfi  isoparametric  elements  and  put 
collocation  points  inside  eadi  element.  One  important  feature  of  usiitg  the  isoparametric  elements  is  that  the 
resulting  numerical  model  will  be  compatible  with  c^r  analysis  tools,  such  as  the  finite  element  method.  In 
addition,  the  quadratic  C*’  isoparametric  elements  will  allow  the  use  of  the  quarter-point  technique  ( 10, 1 1  ]  to 
model  die  Wr  sirigularity  of  die  tangential  velodties  at  die  knife  edge  of  a  diin  body  [1 2]. 

Through  a  systematic  collocation  point  generation  scheme,  the  number  of  collocation  points  will  be 
always  greater  than  the  number  of  nodalgioints.  In  other  wonb,  there  will  be  more  equations  than  unknowns. 
The  overdetermined  system  is  then  solved  by  a  least-squares  procedure.  Numerical  examples  are  given  to  verify 
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this  fonnulation. 


I.  INTEGRAL  FORMULATION  AND  NUMERICAL  IMPLEMENTATION 


Consider  a  thin  body  submerged  in  an  infinite  acoustic  medium  of  mean  density  po  and  q)eed  of  sound 
c.  The  neutral  surface  of  the  thin  body  is  denoted  by  S.  The  thin  body  may  be  either  set  in  vibration  in  a 
radiation  problem  or  subject  to  an  incident  wave  velodty  potential  in  a  scattering  problem.  The  first  thin-body 
integral  equation  is  [6] 


g(4,*-<j,)dS 


4]r<t>(P)  P  not  on  S 

CO(P)<|>*(P)+C(P)<j)  (P)  P  on  S 


(I) 


where  r  ~  |Q  •  P|.  ip  -  e~‘^/r  is  the  free-space  Green  function  due  to  a  time-harmonic  point  source  at  P.  C(P) 

and  C^’fP)  are  constants  that  depend  on  the  location  of  P. 

It  should  be  noted  that  Eq.  (1)  itself  is  not  sufficient  to  solve  the  problem  because  it  contains  two 
unknowns  (<{)*  and  d>'  )■  In  addition,  the  normal  velocity  of  the  thin  body,  which  is  usually  the  boundary 
condition  in  a  radiation  or  scattering  problem,  is  not  included  in  the  equation.  Hence,  another  integral  equation 
containing  the  normal  velocity  of  the  thin  body  is  needed  to  supplement  Eq.  ( 1 ).  The  equation  is  [6] 


I  {(np*Vpiit)-InxV(<|.*-<t.  )l  +  k2{np-n)v(<j>*-<|)  ))dS  +  drr  ^P)  -  4Jt^P) 


(2) 


where  Dp  is  the  normal  at  P,  and  the  differentiation  in  both  Vp  and  is  taken  with  respect  to  the  coordinates 

ofP. 

For  a  radiation  or  scattering  problem,  df/Sn  is  specified  on  S  and  Eq.  (2)  can  be  solved  for  the  velocity 
potential  Jump  ■  Equation  ( I )  is  then  integrated  to  get  (f>  at  any  field  point  in  the  acoustic  medium  or  the 
velocity  potential  sum  on  the  thin  body.  Once(^^-<h'  and  C4>"*'C*Vt>'^  are  both  known  on  the  thin 

body,  and  <h'  can  be  easily  obtained. 

It  should  be  noted  thia  there  is  no  velocity  potential  jump  along  the  knife  edge  of  a  thin  body  because  the 
acoustic  medium  is  continuous  there.  In  other  words, 

<t>*(Q)'<i>'(Q)  "  0  )  for  Q  along  the  knife  edge.  (3) 

A  numerical  solution  to  Eq.  (2)  can  be  achieved  by  discretizing  the  thin-body  neutral  surface  S  into  a 
number  of  elements.  The  regular  8-node  quadrilateral  and  6-node  triangular  isoparametric  elements  are  used  in 
the  numerical  study.  However,  collocation  points  ate  placed  inside  the  elements  to  satisfy  the  €>  continuity 
condition  at  P.  The  numerical  procedure  used  here  to  solve  Eq.  (2)  is  similar  to  that  used  in  Ref.  [9]  to 
overcome  the  nonuniqueness  problem.  Figure  I  shows  the  configuration  of  the  master  elements  and  the 
positions  of  nodal  points  and  collocation  points.  The  global  Cartesian  coordinates  X|  (i-1,  2, 3)  of  any  poim  on 
an  element  ate  assumed  to  be  related  to  the  nodal  coordinates  X|q  by 

Xi(E)  -  £  N„(5)Xi„  .0-1 . 6  or  8  (4) 

a 

in  which  N^  are  second-order  shape  functions  of  the  local  coordinates  ((,t)).  The  same  set  of  quadratic  shape 
functions  is  used  to  interpolate  the  velocity  potential  jump  (th* -th')  on  eadi  element,  that  is, 


(4»*-<|)  )  (♦"-<!)•)„  .  (5) 

a 

where  (<!>*-  4>')a  are  the  nodal  values  of  the  velocity  potential  jump.  The  noimal  velodly  d|/3Up  at  the  collocatioa 
point  P  [used  on  the  right  hand  of  Eq.  (2)|  is  also  obtained  by  the  same  interpolation  of  the  nodal  values  of 
diiy0n. 
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O  Nodal  Points 


•  Collocation  Points 
Figure  1.  Configuration  of  the  master  elements. 


The  integration  of  the  kernel  (up*  Vpv)*InxV(4>'*-<J)')l  in  Eq.  (2)  should  be  performed  in  the  Cauchy 
principal  value  sense.  For  each  collocation  position  of  P,  there  is  only  one  element  that  contains  the  singular 
point  P.  This  element  is  denoted  by  S,.  Numerical  integration  on  all  the  other  elements  are  nonsingular  and  can 
be  carried  out  in  the  usual  way.  For  integration  on  the  singular  element  Se,  a  polar  coordinate  system  (p,0)  is 
used  on  the  corresponding  master  element  Sm  as  shown  in  Fig.  2.  Numerical  integration  of  (npX  Vpip)*[n’<V 

(({)* -<1)')]  on  Se  can  be  achieved  by  subtracting  a  term  at  the  singular  point  and  then  adding  the  term  back.  Detailed 
discussion  of  this  procedure  can  be  found  in  Ref.  [9].  The  result  is 

r  r^"f'*^®’F(p.0)-F(O,e) 

(np•<Vp^tl)•(nxV(<t)^(t►•)ldS-  - ;; -  dp  dfi 

JSe  Jo  JO  P 

+  F(O,0)  lnR(0)  d0  ,  (6) 

Jo 


where  R(0)  is  distance  from  P  to  the  element  boundary  measured  on  the  master  element  plane  as  shown  in 
Fig.  2  and 

F(p,0)  -  p2  (Opx  VpHi)- [nx  V(4>*.  (t)- )J  I J I  ,  (7) 

in  which  |  J  |  is  the  Jacobian  between  S,  and  S„. 

For  the  collocation  scheme  suggested  in  Fig.  1 ,  the  total  number  of  collocation  points  is  always  greater 
than  the  total  number  of  nodal  points.  The  overdetermined  system  is  then  solved  by  a  least-squares  procedure. 
In  addition,  <t>* -  ih'  is  also  forced  to  be  zero  at  all  of  the  knife-edge  nodes.  This  will  reduce  the  total  number  of 
unknowns  in  Eq.  (2)  even  further.  It  is  well  known  that  the  acoustic  velocity  field  at  the  knife  edge  has  a 
singularity  in  the  order  of  \A/t,  where  r  is  measured  from  the  knife  edge  [12].  Unlike  the  multi-domain  BEM 
approach  [  I  ],  the  thin-body  integral  formulation  does  not  require  modeling  of  an  imaginary  interface,  and  hence, 
eliminates  the  need  to  model  the  singularity  of  the  velodty  field  on  the  fluid  side  of  die  knife  edge.  In  addition, 
since  the  normal  velocity  on  the  thin  body  is  always  given  as  a  boundary  condition,  the  IA/t  singularity  exists 
only  in  the  tangential  derivatives  ofiff-  <[)' .  As  will  be  shown  in  the  example  problems,  this  singularity  can  be 
easily  modeled  by  moving  the  midside  nodes  of  the  elements  adjacent  to  the  knife  edge  to  their  quarter-point 
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Singular  Element  S«  Correiponding  Matter  Element  S,, 

Figure  2.  Polei  co<»tlinale  tmisfonnatioa. 

positions  [10,  11].  After  Eq.  (2)  Is  solved  for  ^*-4)'  at  every  nodal  point,  Eq.  (1)  is  then  integrated  to  obtain 
Note  that  Eq.  (1)  is  only  weakly  singular  and  is  integrable  in  the  normal  sense.  Therefore,  the 
singular  point  P  is  collocated  directly  at  each  nodal  pcrint  to  get  diere. 


II.  EXAMPLE  PROBLEMS 


The  first  example  problem  is  the  radiation  from  a  vibrating  circular  plate  of  radius  a  The  plate  is 
clamped  around  its  boiuidary  and  vibrating  at  its  first  axisymmettic  mode  with  fa-  1.  The  vibrating  velocity  is 
nomiaiizcd  by  setting  the  maximum  velocity  at  the  center  to  be  1.  The  neutral  surface  of  the  disk  is  discreti^ 
by  24  ei^t-node  quadrilateral  elements  and  ei^t  six-node  triangular  elements  as  shown  in  Fig.  3.  Note  that  for 
all  of  the  8  quadrilateral  elements  adjacent  to  the  knife  edge,  their  midside  nodes  on  the  elements’  sides  in  the 
tadial  direction  are  moved  from  the  regular  middle-point  positions  to  the  quarter-point  positions.  This  will 
implicitly  itKOipotate  the  Vr  behavior  in  the  quadratic  shape  functions  and  consequently  the  singularity  in 
the  derivatives  of  the  shape  functions.  Sinee  this  problem  may  not  have  an  analytical  solution,  an  axisynunetric 
multi-domain  BEM  solution  is  used  to  verify  the  thin-body  BEM  solution.  Therefore,  also  shown  in  Fig.  3  is 
the  axisyttunettic  multi-domain  BEM  mesh  used  for  this  problem.  In  the  axisymmetric  multi-domain  BEM 
model,  Ae  circular  plate  is  modeled  by  four  line  elements  and  six  additional  line  elements  are  used  to  form  an 
interface.  In  addition,  special  singular  elements  [  1 3]  are  used  to  model  the  knife-edge  singularity.  To  verify  the 
BEM  solution,  variation  of  the  magnitude  of  the  velocity  potential  in  the  tadial  direction  on  one  side  of  the 
circular  plate  is  compared  to  an  axisymmetric  multi-domdn  BEM  solution  in  Fig.  4.  Excellent  agreement  is 
observed  between  the  two  BEM  solutions.  The  importance  of  the  Wr  singularity  is  also  shown  in  Figs.  4  by 
the  soiutions  obtained  when  the  quarter  points  are  intentionally  moved  back  to  their  regular  middle-point 
positions.  It  is  obvious  drat  the  quailer-point  technique  is  very  important  to  die  accuracy  of  die  solution. 


Figure  3.  BEM  meshes  for  the  circular  plate:  (a)  die  diin-body  approach;  (b)  the  axisymmetric  multi-domain 

approach. 
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Figure  4.  Magnitude  of  the  velocity  potential  on  one  side  of  the  circular  plate  as  a  liinction  of  the  distance 

from  die  center. 


The  second  example  problem  is  the  scattering  of  an  incident  plane  wave  from  a  rigid  thin-walled 
hemisphere  with  radius  a  Two  BEM  meshes  used  to  model  this  liemi^ere  are  shown  in  Fig.  5.  Note  that 
quarter  points  rather  than  middle  points  ate  used  for  the  elements  adjacent  to  the  knife  edge.  The  incident  plane 
wave  bu  a  velocity  potential  of  unit  amplitude  and  is  traveling  in  the  -X3  direction.  Again,  this  problem  is  also 
solved  by  the  axbymmetric  multi-domain  BEM  with  special  singular  elements  being  used  to  model  the  knife- 
edge  singularity.  The  comparison  between  these  two  BEM  sohitiofis  for  the  scattered  velocity  potentials  on  both 
sides  (exterior  and  interior)  of  the  cylindrical  surface  is  given  in  Figs.  6  and  7.  Figure  6  shows  the  real  pari  of 
the  scattered  velocity  potentials  and  Fig.  7  shows  the  corresponding  imaginary  part  Again,  very  good 
agreement  is  observed 


Figure5.  BEM  meshes  for  the  hemispheie:  (a)  109-node  mesh;  (b)  30 1 -node  mesh. 
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Figure  6. 
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Real  part  of  (he  scattered  velocity  potentials  on  the  interior  and  exterior  surfaces  of  the  hemisphere 
as  a  function  of  the  angle  mcasuied  from  the  X3-axis. 


Figure  7.  Imaginary  part  of  the  scattered  velocity  potentials  on  the  interior  and  exterior  surfaces  of  the 
hemisphere  as  a  function  of  the  angle  mMsiued  from  the  X3-axis. 
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III.  CONCLUSIONS 


The  nonnal  derivative  inicgial  equarion  originally  derived  by  Maue  is  applied  to  the  BEM  solutioa  of  thin 
bodies  (or  acoustic  ciacks).  This  noni^  derivative  integial  equation  convetges  in  the  Cauchy  principal  value 
sense  rather  than  only  in  the  finite-part  sense.  The  formulation  is  imiriemented  in  an  isoparametric  element 
environment.  The  quarter-point  technique  is  used  to  model  the  Wr  singularity  associated  with  die  tangential 
velocities  at  the  knife  edge.  The  BEM  results  compare  very  well  with  axisymmetric  multi-domain  BEM 
solutions. 


REFERENCES 


1 .  A.  F.  Seybert,  C.  Y.  R.  Cheng  and  T.  W.  Wu,  “The  Solutirm  of  Coupled  Interioi/Exterior  Acoustic 
Problems  Using  the  Boutufaty  Element  Metiiod,”  J.  Acoust.  Soc.  Am.  8S,  1612-1618(1990). 

2.  A.  J.  Button  and  G.  F.  Miller.  “The  Application  of  Integral  Equation  Methods  to  the  Numerical  Solutions 
of  Some  Exterior  Boundary  Value  Pr^lems.*  Proc.  Rov.  Soc.  Lond.  A  323,  201-210(1971). 

3.  T.  Tetai,  “On  Calculation  of  Sound  FMds  Around  Three-Dimensional  Objects  by  Integra)  Equation 
Methods,”  J.  Sound  Vih.  69,  71-100  (1980). 

4.  J.  B.  Mariem  and  M.  A.  Hamrfi,  “A  New  Boundary  Finite  Element  Method  for  Fhiid-Structure  Interaction 
Problems."  Int.  J.  Num.  Methods  Eng.  24.  1251-1267  (1987). 

5.  G.  Krishnasamy,  L.  W.  Schmerr,  T.  J.  Rudolph)  and  F.  J.  Rizzo,  “Hypetsingular  Boundary  Integral 
Equations:  Some  Applications  in  Acoustic  and  Elastic  Wave  Scattering,’  ASME  J.  Ann.  Mech.  57 , 404- 
414(1990). 

6.  T.  W.  Wu  and  G.  C.  Wan,  “Numerical  Modelirtg  of  Acoustic  Radiation  and  Scattering  from  Thin  Bodies 
Using  a  Cauchy  Principal  Integral  Equation,"  submitted  to  J.  Acoust.  Soc.  Am.  (1991). 

7 .  A.  W.  Maue,  “Zur  Formulietung  eines  allgemeinen  Beugungsptoblems  dutch  eine  Integralgleicbung," 
Phvs.  126,601-618(1949). 

8.  K.  M.  Mitzner,  “Acoustic  Scattering  from  an  Interface  Between  Media  of  Greatly  Different  Density,"  J. 
Math.  Phvs.  7,  2053-2060  (1966). 

9.  T.  W.  Wu,  A.  F.  Seybert  and  G.  C.  Wan,  “On  the  Numerical  Implementation  of  a  Cauchy  Principal  Value 
Integral  to  Insure  a  Unique  Solution  for  Acoustic  Radiation  and  Scattering,"  J.  Acoust.  Soc.  Am.  90, 
554-560(1990). 

10.  D.  Hetishell,  “Crack  Tip  Finite  Elements  Are  Unnecessary,”  Int.  1.  Num.  Methods  Eng.  9,  495-507 
(1975). 

11.  R.  Batsoum,  “On  the  Use  of  Isoparametric  Finite  Elements  in  Linear  Fracture  Mechanics,"  Int.  1.  Num. 
Methods  Eng.  10,  25-37  (1976). 

12.  P.  M.  Morse  and  K.  U.  Ingard,  Theoretical  Acoustics  (McGraw-Hill,  New  York,  1968),  Chap.  8. 

13.  A.  F.  Seybert,  Z.  H.  Jiaand  T.  W.  Wu,  “Solving  Knife-edge  Scattering  Problems  Using  Singular 
Boundary  Elements,”  to  appear  in  J.  Acourt.  Soc.  Am. 


999 


1000 


SECOND  INTERNATIONAL  CONGRESS  ON 
RECENT  DEVELOPNffiNTS  IN  AIR-  AND 
STRUCTURE-BORNE  SOUND  AND  VIBRATION 

MARCH  4-6.  1992  AUBUWJ  UNIVERSITY  USA 


A  SOLUTION  METHOD  FOR  ACOUSTIC 
BOUNDARY  ELEMENT  EIGENPROBLEM  WITH  SOUND  ABS(»PnON 
USING  LANCZOS  ALGCHOTHM 
•»y 

C.  Rajtkumar  and  Aabiaf  All 
Swanaon  Analysia  Syatema,  Inc. 

Houatoii.PA  1S342 


ABSTRACT 

A  damped  ayatcm  eigenvalue  analysis  of  acoustical  cavities  using  the  Iwundaty  element  method  is 
presented.  Theacoa8ticbooadaiyeleaienteigenpioblemfbnnulationpiesemedl>yBanei}eeeial.[l]ise]itended 
to  include  sound  absmption  in  acoustical  cavities.  A  dissipative  tenn  is  included  in  the  eigenvalue  matrix 
etpiation  to  account  for  boundaiyabsoiption.  The  resulting  danqted  system  eigenvalue  problem  is  r'rlved  using 
a  new  approach  of  applying  the  Laoczos  subspace  algorithm  to  qua&atic  eigcnproblems.  Since  the  boundaiy 
element  matrices  are  unsymmetiic,  the  Lanczos  algoridni]  presented  is  in  its  most  general  ftmn  for  unsymmetric 
quadratic  eigenproblenis.  Exanqdes  are  pr^ented  to  show  the  qjjdicarion  of  the  method  to  find  the 
eigenfiequeocies  of  acoustic  cavities  with  sound  absoiption. 

INTRODUCTION 

Computation  of  the  acoustic  cavity  resonant  fiequencies  is  an  essential  pan  in  the  design  of  automobile 
passenger  cabins.  Fintte  element  modeling  of  foe  acoustical  proUem  is  routinely  carried  out  where  the 
discretized  wave  equation  is  set  up  as  an  eigenvalue  problem  and  foe  resonant  fiequencies  and  mode  shapes 
computed.  Enqdoying  foe  boundary  elememmefood,  foe  acoustical  cavity  resonance  proUem  was  set  up  as  an 
algebraic  eigenvalue  proMem  by  Baneijeeetal.  [1].  Alfoough  foe  boundary  element  matrices  ate  smaller  in  size 
than  foe  finite  element  matrices,  they  ate  unsymmettic.  Therefore,  the  use  of  boumtary  element  eigenvalue 
analysia  requites  an  efficient  eigenvalue  extraction  method  for  Unsymmettic  mairioes.  In  the  ptqter  by 
Rajakumar  tt  al.  [2]  foe  Lmczos  solution  algorithm  for  foe  unsymmetric  generalized  eigenvalue  ptoUem  was 
ap^ied  to  foe  acoustic  boundary  element  eigettanalysis. 

In  the  present  work,  the  Lanczos  algorifom  is  apfAied  to  foe  damped  system  eigenvalue  problem 
formulated  by  foe  boundary  element  diacretizarion  of  acoustic  cavities  with  sound  absoaption.  Thealgorithm 
presented  is  unique,  in  foM,  it  does  not  uae  foe  mefood  of  matrix  augmertation  to  linearize  the  quadratic 
eigenvalue  problm  arising  in  damped  dynamic  systems,  hi  ocder  to  treat  unsymmettic  stifihess,  mass,  and 
danqting  matrices,  the  algorifom  is  1^  gneral  enough  and  therefore  is  quite  suitable  fin  foe  absMpdve  aconatk 
boutidaty  eletnem  eigenproUem. 

A  brief  outline  of  the  paper  is  as  follows:  first,  we  set  iq>  foe  acoustic  boundary  dement  eigmptoUem 
as  shown  in  foe  paper  by  Baneijeeetal.[l].  Then,  a  simile  mefood  of  incwpotating  foe  boundary  absorption 
into  the  boundary  demMfonnolation  is  shown.  IfinaUy,  foe  resulting  quadratic  eigenvalue  problm  is  solved 
using  a  new  approach  trf  applying  foe  Lancsoa  algorifom.  whidtelimiiM<es  foe  need  fbr  dealing  with  doubled 
rize  matrices  of  foe  matrix  augmentation  mefood.  The  Lanczos  algorifom  and  ita  implementation  details  ate 
ittcluded. 

ACOUSTIC  BOUNDARY  ELEMENT  EIGENPROBLEM 

The  acoustic  wave  equation  governing  die  acoustic  pressote  p  in  a  Quid  is  given  by: 
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(1) 


c  is  the  speed  of  sound  and  t  is  the  time.  For  the  haimonic  oscillations  of  pressure  in  the  sound  pressure  wave 
problem  considered,  p  *  Pei*”*.  P  is  the  pressure  amiditude,  and  o>  is  the  circular  frequency.  Substituting  for  p 
in  Eq.  (1),  the  Helmholtz  equation  governing  the  anqditude  of  pressure  oscillations  is  obtained. 

V*P - ((o/cfr  (2) 

To  find  the  acoustic  resonant  frequencies  of  an  enclosed  acoustic  domrun,  this  equation  needs  to  be 
discretized  and  solved  for  the  free  response.  In  the  boundary  element  discretization  process,  the  futulamental 
solution  used  for  the  Helmholtz  equation  consists  of  the  wave  number  (o/c  as  a  parameter.  Therefore,  the 
bouttdaty  element  matrices  obtained  are  a  function  of  to  and  the  free  response  problem  cannot  be  cast  as  an 
algebraic  eigenvalue  problem.  Banetjee  et  al.  [1]  presented  an  alternative  way  of  discretizing  Eq.  (2)  which  leads 
to  an  algebraic  eigenvalue  lem.  In  the  pment  analysis,  we  shall  use  their  approach  and  extend  it  to  ittclude 

dissipation  of  energy  for  the  sound  absorbing  acoustic  cavity  proUem. 

For  the  sake  o.  completetteas,  we  shall  briefly  outline  the  mediod  of  Banetjee  et  al.  [1]  here.  First,  P  in 
Eq.  (2)  is  represented  as  a  sum  of  two  pressures,  P  P,  +  Pj.  The  conqtlimentary  function  Pc  satisfies  the 
homogeneous  equation 

Pc  »  0  (3) 

Substituting  p  —  p^  Pj  in  Eq.  (2),  and  in  view  of  Eq.  (3),  the  equation  governing  the  particular  solution  Pj 
is  given  by; 

Pj  »  —  {<o/cfp 

Considering  2-D  problems,  the  fundamental  solution  to  the  Ltqpilace  equation  g(x,|)  «  (l/2n)  In  (l/rj  is  used 
to  discretize  Eq.  (3),  leading  to  the  following  boundary  integral  equation: 

aPc(l)  +  f  Pc(*)  dTfx)  -  I  g(x,|)  ^  dTf* )  (5) 

r  r 

r  is  the  distatKe  b^een  the  source  poittt  I  and  the  field  point  X,  a  is  a  geometric  coefficient  at  the  source  point, 
and  n  is  the  outward  normal  to  the  boundary  r  of  the  acoustic  domain  Q  (Fig.  1).  Note  that  g(x,|)  is  indqmident 
of  the  fiequency  (a  Using  ffie  polynomial  shqre  fimctioas  to  qtproximale  Pc(x)  and  dPc(x)/dn  on  the  disoetized 
boundary  segments  r«,  the  resulting  boundary  element  matrix  equation  is  given  by: 

[O]  (^}  “  iHJPcl  (6) 

Substituting  for  (Pc)  =  (P)  -  (Pi),  Eq.  (6)  is  rewritten  as; 

[O)  (i)  -  [HF)  -  [G]  [5)  -  [HFil 

0* 

Now  considering  Eq.  (4),  the  pressure  P  is  represented  as  P  >  Z  (Ro  -  r)  <|i(|m)  t  where  Re  is  a  constant,  r 

m  at  1 

is  the  distance  between  a  poim  in  the  domain  X  and  a  source  poim  ^  at  the  boundary,  and  is  a  fictitious  function 
at  the  boundary.  With  this  approximation  of  P,  the  sedation  to  Eq.  (4)  is  obtained  as 

OB 

P]  >  Z  -  ^r^/9  -  Ror^/4|  ({)  (In,  j  •  Instead  of  die  infinite  snies,  using  finite  number  of  fictitious  functions 
(>*1. 2..  Ji)  at  the  boundary  nodes,  the  following  matrix  etpiations  can  be  written  down: 
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Subsdtutmg  for  (P||  ind  (dPi/dn|  into  Eq.  (7),  and  defining  [M]  *  ([0][B]  -  [H][D])  nd 

IQI  -  (S  <»> 

the  boundary  element  equation  for  the  acouatk  i»oblem  ia  obtained. 

[OgQl  -  (Hjpl  -  (tn/c)^  [M]  (4>|  (10) 

Baneijee  et  al.  [1]  uaed  |<t>|  »  [A]~MP|  in  Eq.  (10)  to  fomnilate  the  algebraic  eigcnprobtem.  In  the  reference 
by  Ali  et  al.  [3],  (P|  waa  tqriaced  1^  [A](<t>l  to  form  the  eigeoptoUem  with  aa  the  eigenvector,  thereby 
avoiding  the  inversioa  of  [A].  When  the  boundaty  of  the  acoustic  domain  ia  hind,  (Q)^,  and  the  algebraic 
eigeiqtroblem  can  be  written  as: 

[Kg4>|}  -  [M]  {<!.;}  (11) 

whete,  [K]  -  -  (HJ  (A),  X,  -  ((Di/c)> 

The  boundaty  dement  matrices  [K]  and  [M]  ate  independent  of  the  frequency  (D  and  Eq.  (11)  is  a 
generalized  eigenvalue  problem.  The  dgeiqtairs  Xi,  reptesent  the  lesonam  fiequencies  and  mode  afaqtes 
of  a  non-absorbing  acoustic  cavity.  Statting  from  Eq.  (10),  a  method  of  incmporating  a  diasqattion  teim  to 
account  for  sound  absorption  at  die  boundaries  of  an  acoustic  cavity  is  shown  next 

SOUND  ABSORPTION  AT  THE  BOUNDARY 

InvariaUy,  some  amount  of  energy  is  dissqiated  due  to  the  absoiption  of  sound  at  the  boundartes  of  an 
acoustic  domain.  In  order  to  account  for  the  disaqiated  energy,  Craggs  [4]  has  preaemed  a  damped  form  of 
Helmholtz  Eq.  (2).  For  the  absorption  of  sound  at  the  boundaries  of  an  acoustic  cavity,  we  enqdoy  a  similar 
qiptoach  by  considering  the  linear  rnmnentum  equatim  that  rdates  the  fluid  imsaure  gradient  and  the  vdocity 
at  the  boundary 


dn 


(12) 


where,  p  is  the  fluid  density,  V  is  the  velocity  vector,  atxl  11  is  the  outward  normd.  To  account  for  the  energy 
dissqMted  at  the  boundaries,  an  absorption  term  is  introduced  on  the  right-hand  side  of  Eq.  (12): 

^--p^  H+RVv  (13) 


In  the  absorption  term,  the  reason  for  using  the  vdocity  diveigence  V  ■  V  as  opposed  to  ▼  as  in  Criigg's  paper 
comes  from  die  consideration  of  the  consistency  of  units,  whete  the  acoustic  resistance  R  is  in  tayl  {a-tfa?). 
Furthermore,  Zienldewicz  and  Newton  [3]  have  shown  the  rdationahip  dp/dn  «•  —  (1/c)  dp/dt  to  account  for 
the  energy  loss  due  to  the  out  bound  pressure  waves  at  an  open  boundary  for  {dane  wave  situations.  Since  dp/dt 
is  rdated  to  V  ■  7  via  the  conservation  of  mass  equarion 


ofa  conqirewible  fluid,  the  boundary  absorption  tenn  used  in  Eq.  (13)  would  be  ^ipropriate.  So,  substitntittg 
for  V  •  V  from  Eq.  (14)  into  Eq.  (13)  the  pressure  gradient  at  an  absoibing  boundaty  is  written  as 
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P  »  RA?c  ia  the  nondiineniioiMl  atwotptioo  coefBcieat  of  the  sownd  alxoifamg  muriri  >t  the  boundwy.  The 
acoustic  resistance  R  for  foam  and  fibrous  type  maierial  are  given  as  a  fimctkm  of  Cnq/teacy  by  Cnggs  C' 

For  the  hannaaic  oacillatians  in  acoustical  problems,  the  boundary  pressure  and  velocity  in  Eq.  (13 
represented  in  cooqdex  espnnential  form  as  p  «  Pei*"  and  v  _  Vei***  respectively.  In  the  present  paper 
boundary  vdocity  is  not  used  since  the  fiuid-atroctnre  interface  boundary  is  assumed  to  be  statiooaty. 
boundary  pressure  gradient  at  a  sound  absorbing  boundary  is,  then,  obtained  fram  Bq.  (IS)  as: 

(16) 

ABSORPTION  TERM  IN  THE  BOUNDARY  ELEMENT  MA31UX  EQUATION 

Using  the  relationship  in  Eq.  (16),  the  absorption  in  an  acoustic  cavity  can  be  itKoiporated  in  the 
diacretured  boundary  element  Eq.  (10).  Eq.  (16)  is  reavrinen  in  terms  oftlie  nodal  pressure  gradients  as  fdlows: 

IQI-  -j((D/c)p(Pl  (17) 


When  absorption  material  is  used  on  a  part  of  the  boundary  Fi,  Bq.  ( 10)  is  written  down  in  partitiooed  form  as: 


On  :  Gi2 

Oti  :  (5j2  (  Qj  ^ 


[Hlpl  -  Kc)*[MI<« 


(18) 


Pressure  gradients  at  the  absotbing  and  non-absorbing  boundaiy  nodes  are  denoted  by  (Qi)  and 
respectively.  Then,  substitutittg  from  Eq.  (17)  into  Eq.  (18) 


-[HIP|-(a>/c)Vl<l>l 


(19) 


For  the  part  of  the  boundary  where  there  is  no  absorption,  we  assume  acoustically  hard  bouixiaty  condition 
|(^)a0.  PattMoning  the  matrix  [A]  in  Eq.  (8),  we  substitute  for  (Pjl  *  [Aii](<Pii  +  [Ai2](ip2l  inEq.  (19). 

[GiiAu  GuAin  (  )  , 

- -  — [  -  (mAjtl.)  -  (co/c)>q<W  (20) 

Q21A11 . 02iAi^  (  ) 

Taking  the  coe£Gcient  into  tbe  matrix,  and  denoting  the  absoiption  matrix  as  [C]  and  [K}»  -[H][A],  Eq.  (20) 
is  rewritten  as: 


jKcjlCjtW  +  pKI^l-ito/cjVq^)  (21) 

Eq.  (21)  is  the  eigenvalue  proUem  for  the  acoustic  cavity  with  sound  absoiption.  Defining  the  eigenvalues  as 
Xisj((o/c),andtheeig«ivectots  (xi)  =  |^i,  the  quadratic  eigeiqiroUem  to  be  solved  is 

m  +  McW  +  ^tMt^il-O  (22) 

LANCZOS  ALGORITHM  FOR  QUADRATIC  HGENVALUB  PROBLEMS 

The  successful  itnptementation  of  die  boundary  demem  acoustic  eigenprobiem  formulation  presented 
depends  upon  the  availab^  of  an  efficient  method  of  sedving  the  quadratic  eigenpioblem  posed  in  Eq.  (22). 
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The  system  stifiBsess,  damping,  aad  mass  matrices  [K].  [C],  md  [M],  nqtecdvely,  ate  unsymmetric  and  fiilly 
pOfNihOed  and  an  of  siae  n  x  n.  Fm  laige  acoustic  cavity  raaonance  problems,  usually  only  the  first  few 
eigenfieipiencies  are  of  intmest,  out  of  the  2n  eigenfiequeades  of  the  eigenptoUem.  Therefore,  we  choose  a 
subqMce  technique.  Fuither,  the  Lanczossubq;)ace  method  is  qwcifically  chosen  because  the  Lwczossubspece 
matrix  is  ttidiagonal  whose  eigeiqMir  can  be  extracted  very  efficiently. 

In  order  to  solve  Eq.  (22),  the  'jsual  qiproacfa  is  the  method  cf  matrix  augmentation,  leading  to  a  linear 
eigenvalue  problem.  This  method  doubles  the  sire  of  system  matrices  to  2n  and  is  undershable  from  the  point 
of  computer  storage  lequiiements.  In  the  present  qiproach,  the  Ltmezos  algorithm  is  applied  to  the  quadratic 
eigenproUem  directly,  «iimiitaring  the  need  for  matrix  augmentation.  In  reference  [6],  Zheitg  et  al.  presented 
an  inverse  iteration  method  of  solving  quadratic  eigenproUams  without  augmentation.  Pursuing  along  their 
approach,  here  we  seek  to  set  up  the  Lanezos  algorithm  to  solve  Eq.  (22).  For  the  quadratic  eigetqtroblem,  matrix 
R  of  size  n  X  m  and  matrix  T  of  size  m  X  m  are  defined  as  the  characteristic  matrix  and  eigenvalue  square  matrix, 
respectively,  if  they  satisfy 


(M][R]  +  (C)(R]|T]  +  (Kl[R]rif -0 


(23) 


and  rank  (T)Bm.  Then  the  eigenvalues  of  the  standard  eigerqtroldem 

m  (yj  -  Fi  (yi) 


(24) 


will  approximate  the  eigenvalues  of  the  origitud  problem  in  Eq.  (22),  ^  ^  1/Fj .  A  recursion  scheme  that 
generates  the  Lanezos  vectors  (rjl,  jsl,  2...m(m^2n),  which  are  the  columns  of  the  diaracteristic  matrix  [R], 
needs  to  be  set  iq>  in  order  to  tra^orm  Eq.  (22)  into  Eq.  (24)  in  the  subspace  /  m  x  m.  The  Lanezos  recursion 
for  the  unsyrmnetric  generalized  eigenvalue  problem,  given  by  [M]  >  0  in  Eq.  (22),  was  presemed  by  Rajakumar 
and  Rogers  [7].  Extending  this  work,  a  conqrlete  derivation  of  the  Lanezos  algorithm  for  the  quadratic 
eigeiqttoUem,  alottg  with  ptoofe  are  shown  in  the  reference  by  Rajakumar  [8] .  Here  we  shall  present  the  Lanezos 
recursion  without  the  detailed  derivatkms  and  proofs. 

For  symmetric  matrices,  the  single-sided  Lanezos  recursion  sdteme  for  the  generalized  eigenvalue 
problem  is  well  known  [9].  Since  the  matrices  in  Eq.  (22)  are  unsymmetric,  we  seek  to  formulate  the  Lanezos 
two-sided  recursion  where  the  tranqtosed  eigeiqtroblem 


[Krw+Micri^+\^(MF(*i)  -0 


(25) 


is  considered,  along  with  the  original  problem.  It  can  be  shown  that  the  eigenvalues  of  Eq.  (25)  are  the  same 
as  that  of  Eq.  (22)  (xj)  and  (zj)  are  called  die  right  and  left.4uBxl  eigenvectors,  reflectively.  They  are 
biotthogonal  since  they  satisfy  the  generalized  bioitfaogorudity  condition 


H  (CW  +  {ij}  [Mll*J  +  H  (M]l*J  -  0 


(26) 


when  i^j.  (xij  ~  (xjj  and  |zjj  -  Xj  |zj|  are  defined  as  die  dependent  tight  and  left-hand  eigenvectors, 
respectively.  In  die  Lanezos  two-sided  recursion  given  below,  two  primary  and  two  secmidaiy  sequence  of 
vectors  [V]  -  [vj  Vj ...  vj,  [W]  »  [wj  Wj ...  wj  and  [R]  •  [r,  rj ..  rj,  [S]  -  [Sj  S2 ...  Sm], respectively 
are  generated.  The  primary  and  secondary  Lanezos  veaors  will  mqi  the  indfiendent  and  dependent 
eigenvectens,  reflectively. 

TVo  sets  of  arbitrarily  chosen  vectors  [v,|,  {w,}  and  {f,j,  {S|}  are  normalized  sndi  that 
T  T  T 

(^li  [^1  (''li  (*i}  Ni)  (^il  {*^1)  -  I  to  get  the  starting  set  of  primary  and  secondary  Lanezos 

vectors  |v,),  |w,|  and  (r,|,  |s,|.  Weset  (9,}  •  {w,j  and  {f,]  ••  (i,)  in  our  inqdementation  since  diese  vectors 
are  arbitrarily  chosen.  For  jwl,  2..jn,  (m  ^  2n) 


hti)  -  -  [Kr‘([Cl{v,)  +  [M){r4)  -  aj{vj}  -  |Jj{vj_,} 


(27) 
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{''j+ 1}  -  -  [Kr^([cf (Wj}  +  (M]’^{»j))  -  Oih)  -  aj{wj_ ,)  (2*) 

(vil-h}-«j  W-Pih-i) 

(when  j  »  1,  P|Vo  =  Pito  ”  iiWo  »  8iSo  -  0) 

“i  -  -  +  l»i|V))lK] - ‘([C]{vj}  +  [M]{r^))  +  {w/[M  |v^)  (31) 

^+1  =  K+ifrlh+il  +  {Sj+irH^j+i)  +  (Wj+ifM  {fj+i)  (32) 

(33) 

Pj+l  “  *j+i  (Aj+i) 

(•...l  -  5^  h..l  ™ 

h-l  -  5:^  l'j..| 

j+J 

|.,*,1  -  5;^  |.i.,|  i»> 

The  Lanczos  vectors  generated  in  the  recursion  presented  above  satisfy  the  generalized  biotthogonality 
condition  given  by 

[Wl'^fd  [V]  +  (Sl'^fM)  [V]  +  [Wl’^lM]  [R]  -  [I]  (39) 

In  finite  precision  computations,  they  loose  their  biotthogonality  [9],  and  the  following  reorthogonalization 
scheme  is  used  in  our  iii^>lementation. 

The  (j-»-l)st  vectors  coopted  in  Eqs.  (3S)  thru  (38)  are  checked  for  dieir  biotthogonality  with  teqtect 
to  each  of  die  j  vectors  by  conqmting  the  coefficients  Oj  and  <t>i  as  follows: 

®1  -  (vj+i)  +  {8i|>I]  {vj+,)  +  (wj T[m]  (40) 

«l»i  -  h+tHcl  (vj  +  {sj^4>Il  W  +  {w,^4 T[M1  (rj  (41) 
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If  the  magnitude  of  «ny  of  the  coefiBcknts,  the  k  di  coe£Bcient,  is  fieatar  than  a  piedetennined  imU  muiriwt, 

Eo,  then  the  leotthogonaliziiig  steps  am  given  by 


h+ij-h+il 


(42) 


K+i)-*{wj+,}  -<t»k  Wk  (43) 

h+i)-{rj+i)  -Ok^k 


l*j+i}-{»j+il  "’•*k‘)k  (^5) 

In  the  present  implementation,  e<,  =  10~*  is  used. 

The  two-sided  Lanczos  recursion  presemed  in  Eqs.  (27)  tfara  (38)  results  in  a  bioithogonal 
transfoimation  of  the  quadratic  eigetqstoblem  into  the  standard  eigenvalue  problem  given  in  Eq.  (24).  The 
eigenvectors  are  related  by 

N-[Rl(yi)  (4«) 


Using  the  recursion  equations  (27)  and  (29),  it  can  be  shown  that  [8]  matrices  [R]  and  m  satisfy  the  duuacteristic 
equation  (23),  and  diat  [T)  « tridiagonal  matin  formed  by  the  Lanczos  recursion  coefiicients. 


m- 


tti  Pi  0 

ij  <*2 

Pm 

0  bm  On, 


(47) 


The  eigenvalues  pi  ^  (i/k^)  of  the  standard  eigenvalue  {soblem  in  Eq.  (24)  are  extracted  by  a  QR  algorithm  [10] 
designed  to  extract  complex  eigenvalues.  With  an  incteasing  number  of  recnisioo  stq>s,  the  subspace  sixe  m 
increases  and  the  eigenvalues  at  die  lower  end  of  the  eigenvalue  magnitude  spectrum  quickly  converge  to  yield 
the  ki’s  of  die  original  problem.  In  die  present  qjplicatkm ,  the  first  k  eigenvalues  converged  usually  widtin  a 
subspacesizeofmsk-i-16.  To  conqaite  the  eigenvectors  ofthe  original  problem,  Eq.(4d)  is  used.  Eigenvectors 
{yil  are  computed  by  inverse  iterations  of  the  [T]  matrix. 

EXAMPLES 

Three  sinqde  examples  are  shown  to  valid^  the  incorporation  of  sound  absorption  in  the  acoustic 
boundary  element  eigenproblem.  The  boundary  absorption  method  presented  has  also  been  inqriemenmd  in  the 
acoustic  finite  element  eigenproblem  in  the  ANS  YS*  general  puipose  program  [11].  Therefore,  the  boundary 
elemem  lesulu  are  compared  widi  die  finite  element  results  in  these  exanqiles. 

Eamptel 

A  square  cavity  shown  in  Fig.  2  is  consideied.  The  absorption  fiee  eigenfrequencies  for  diis  problem 

r  2  2i*^* 

|(r,/L,)  +(<y/Ly)  I  ,<xrfy*'0,  1,  2 ...  « .  L, 81x1  Ly ate tiw Iciigth aiid widtii of tiic 

domain,  respectively.  We  use  diis  example  to  validate  the  Lancxos  eigenvalue  computation  algorithm  pteaented. 
The  abaoip^  coefficients  at  die  absorption  layer  and  at  the  walls  Pa  and  Pb,  reflectively,  are  set  to  zero.  For 
the  boundary  demem  discretization,  36  boundary  nodes  and  14  internal  nodes  are  used.  The  need  for  internal 
nodes  to  impiovc  the  accuracy  of  conputedfiequmies  was  pointed  out  in  lefetence  [3].  The  fiequeticies  shown 
in  Table  1  iiKlnde  the  dieoietical  and  a  10  X 1 0  mesh  finite  demem  [  1 1  ]  results  for  coirqiarison  with  the  boundary 
elemem  solrnkm.  The  acoustic  lesonam  frequencies  are  the  poshive  hnaghuay  parts  of  the  conjugate  pair  of 
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eigenvalues  coo^Mted.  The  five  eigenmode  fiequenciestrom  the  boundary  element  method  compaie  favorably 
with  the  finite  element  solution  in  coming  dose  to  the  tfaeoietical  frequencies. 

Fx^ftiple  2 

The  square  cavity  problem  is  solved  with  unifonn  boundary  absoiptioa  by  fairing  Pc  w  Pb  *  0.2.  TaUe 
2  shows  the  frequencies  conqwted  by  the  boundary  and  finite  elemw  methods  using  the  same  discietization  as 
in  Exanq>le  1.  The  eigenvalues  Oi  J  now  have  a  nonzero  real  part.  The  imaginary  part  gives  the 
danq)ed  resonant  frequency  ~  oij  /2n.  ConqMred  to  the  nonabsmption  case,  the  frequencies  have  slightly 
reduced  for  modes  5-8.  Mode  2  shows  a  ix>tx>scillatory  «iponential  decay  response.  The  boundary  element 
results  compare  well  with  die  finite  element  results  at  the  lower  modes.  With  an  increasing  number  of  internal 
points,  die  boundary  demem  results  will  inqnove.  The  mode  siuqies  2  and4  obtained  from  the  finite  dement 
results  are  plotted  in  Fig.  3. 

Example  3 

Here  the  absorption  is  txMiuniform,  Pc  =  0.9  and  Pb  =  0.  Table  3  shows  die  fietpiency  results.  Modes 
3-10  show  an  increase  from  the  undanqied  frequencies.  Mode  2  again  riiows  a  nonoscillating  decay.  The  {dot 
of  mode  shqies  2  and  4  obtained  from  the  finite  demem  andysis  are  shown  in  Fig.  4.  It  is  interesting  to  note 
the  concentration  of  contours  near  the  absorption  layer  in  these  plots. 

CONCLUSIONS 

A  method  of  incoiporating  boundary  absorption  in  the  eigenvdue  analysis  of  acoustic  cavities  using  the 
boundary  element  technique  has  been  validated.  Since  the  damping  matrix  is  obtained  from  the  discretized 
boundary  elemem  matrix,  the  inqilementation  of  the  method  is  simple.  Using  the  eiqierimemally  correlated 
absorption  coefficients  of  fibrous  and  foam  type  maierUl  found  in  reference  [4],  the  danqied  system  resonam 
modes  of  acoustic  cavides,  such  as  the  amotnobile  passenger  cabin,  can  be  computed.  The  Lanczos  algorithm 
for  quadratic  eigeignoUem  employed  is  found  ro  be  quite  efficiem  since  it  does  not  reipiiie  augmentatioa  of  the 
system  matrices.  Wlm  only  a  few  eigenvalues  of  a  large  dynamic  system  is  needed  the  Lanczos  subspace 
method  is  quite  efiective,  both  in  qieed  of  computation  and  in  accuracy.  However,  when  the  number  of 
eigenvalues  needed  is  laige,  say  >50,  the  total  reorthogonalization  scheme  used  will  alow  down  the  coirqmtation 
and  a  selective  reorthogonalization  [9]  would  inqnove  the  situatioiL  Finally,  the  absmption  in  cavities  affect 
the  eigenmode  pressure  distribution  quite  tq^neciably,  even  though  the  danqted  system  frequencies  are  not  very 
far  away  from  the  undanqted  frequencies. 
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TiUe  1  Acouatic  iwonance  fiequDdH  of  cavity  with  zeto  abaoiptioa  (|)k  ■■  Pb  *  0) 


No. 

Tbeoradcal 
ncqaeodes  (Hi) 

1  ConpoiBd  PM|INOCiM  1 

BooDdaqrEleant 

Plate  BteoMol 

— 

0.9009470SB-03 

-0.160543648-05) 

-0.730307438-04 

-0.981036098-06) 

0 

-0.900969158-03 

0.160519188-05) 

0.73031942B.4M 

0.981571648-06) 

- 

0.0000000(ffi400 

-19.031585) 

O.OOOOOOOOB400 

-18.984927) 

18.8889 

0.0000000(»*00 

19.031585) 

0238274358-06 

18.984927) 

5 

- 

-0.199169428-06 

-19.127708) 

0290674748-06 

-18.984928) 

6 

18.8889 

0.000000008400 

19.127708) 

0290769158-06 

18.984928) 

7 

- 

0.000000008400 

-26.972142) 

0.000000008400 

-26.848742) 

8 

26.7129 

0.000000008400 

26.972142) 

0.000000008400 

26.848742) 

■1 

- 

0.000000008400 

-39214077) 

0.0000000l»400 

-38248881 ) 

37.7778 

0.000000008400 

39214077) 

0.000000008400 

38248881) 

Table  2  Acouatic  icaonaiice  fiequencies  of  cavity  widi  unifoim  abaoiption  (Pa  Pb  *  0.2) 


No. 

Boaoduy  Blemeat 

1 _ _  1 

■n 

-0.693218728-10  -0229561268-09) 

0237121618-09 

02149784<ffi-09) 

-4.8788198 

O.OOOOOOOOB+00  ) 

-4.9431474 

0.000000008«00) 

-3.8496923 

-18.905690) 

-3.7763896 

-18.903246) 

-3.8496920 

18.903690) 

-3.7763896 

18.905246) 

5 

-3.9248480 

-18.973677) 

-3.7763897 

-18.905247) 

6 

-3.9248480 

18.973678) 

-3.7763897 

18.905247) 

7 

-5.3478434 

-26.783942) 

-5.1516059 

-26.823973) 

8 

-5.3478434 

26.783942) 

-5.1516060 

26.823973) 

-42679968 

-39211240) 

-3.9654993 

-38.695024) 

-4.5679969 

39211240) 

-3.9654994 

38.695024) 

Table  3  Acouatic  resonance  frequencies  of  cavity  with  iMm-unifonn  abaoiption  (P,  «  0.9,  Pb  =  0) 


1  Compatad  Pnqneociea 

No. 

1  Boaodaiy  Blemefll  | 

1  nnite  Efement  | 

1 

-0222777928-07 

-0212439748-07) 

0.70742767808 

-0279683278-08) 

2 

-3.3779687 

0.000000008+00) 

-3.4207326 

0.0000000(»400) 

3 

-0.61991393 

-19272290) 

-0.61317013 

-19236889) 

4 

-0.61991392 

19272290) 

-0.61317014 

19236889) 

5 

-32924172 

-19.793532) 

-3.2898905 

-19.735583) 

6 

-32924172 

19.793552) 

-3.2898902 

19.753383) 

7 

-12663337 

-27244634) 

-1.3364097 

-27252889) 

8 

-12665337 

27244634) 

-1.3364100 

27232889) 

-029190014 

-39/427160) 

-0.32248800 

-38.721321) 

-029190016 

39/427160) 

-0.32248844 

38.721522) 
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ABSTRACT 

The  reflection  of  normally  incident  plane  acoustic  waves  from  a  plane  impervious  boundary  can  be 
controlled  by  actively  modifying  the  mechanical  impedance  of  the  boundary  suspension.  This 
application  of  active  control  techniques  motivates  the  study  of  active  absorbers.  The  performance  of 
such  active  boundaries  Is  limited  by  both  physical  constraints  on  the  transducers  and  controlling 
filters  and  by  the  behaviour  of  adaptive  si^al  processing  algorithms  which  are  used  to  design  the 
controllers.  This  paper  details  some  operational  constraints  imposed  by  the  properties  of  the 
suspension  and  forcing  actuator  used  in  the  device  and  by  the  practical  requirements  of  stability 
and  causality  in  the  system.  The  constraints  are  Illustrated  in  the  context  of  an  attempt  to  implement 
a  broadband  active  acoustic  absorber. 


NOMENCLATURE 


c 

speed  of  sound 

(m/s) 

Ze 

voice  coil  blocked  impedance 

d 

distance  (cone  to  microphone) 

(m) 

Zd 

desired  spec,  acoustic  impedance 

F 

total  force  on  cone 

(N) 

(Ns/m^ 

i 

i 

voice  coil  current 

V-1 

(A) 

Zm 

mechanical  impedance 

(Ns/m) 

J 

m 

moving  mass 

(kfl) 

transformation  factor 

(N/A) 

P 

acoustic  pressure 

(Pa) 

Po 

equilibrium  mass  density 

(kg/m^ 

P 

power 

(Watts) 

X 

delay 

(s) 

R 

mechanical  damping 

(Ns/m) 

<9 

angular  velocity 

(rad/s) 

S 

cone  area 

(m*) 

T 

controller  delay 

(s) 

Subscripts.. 

u 

cone  velocity 

(m/s) 

V 

controller  output  voltage 

(V) 

c 

at  surface  of  cone 

W 

control  filter 

1 

incident  component 

X 

cone  displacement 

(m) 

r 

reflected  component 

1  INTRODUCTION 

If  a  plane  Impervious  rigid  plate,  suspended  with  respect  to  mechanical  ground  by  linear  springs  and 
damping  elements,  is  excited  by  a  nonnally  incident  plane  wave,  it  will  be  forced  into  motion.  The 
suspension  elements  can  be  arranged  so  as  to  allow  uniform  motion  over  the  entire  surface.  Under 
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this  conction,  the  analysie  of  the  reflection  of  the  Inddant  acoustic  wave,  edworption  of  inddsnt 
acoustic  energy  by  the  surface  and  transmission  of  the  acoustic  dsturbartce  into  a  compressMe 
medium  backing  the  plate  is  a  simple  problem  found  In  many  acoustics  textbooks.  The  behaviour  of 
the  system  can  be  characterized  In  terms  of  the  ratio  of  the  characteristic  lmpedanoe(s)  of  the 
fiuid(s)  on  either  side  of  the  plate  and  the  mechanical  impedance  of  the  suspended  plate,  this 
mechanical  impedance  being  determined  by  the  plate’s  surface  mass  dsnsiy  and  the  parameters  of 
the  suspension  elements.  If  an  addllottal  forcing  temr  is  added  to  the  equation  of  motion  of  the 
plate,  it  Is  possible  to  actively  modify  the  mechanical  impedance  of  the  structure  and  so  modify  the 
reflection,  absorfation  or  transmission  of  sound. 

Such  an  “Active  Acoustic  Boundary”  has  been  the  subject  of  oonsidefable  research  effort,  including 
work  performed  at  Gottingen  [1  ^  and  conskterable  research  at  Virginia  Polytechnic  Institute  [3,4]. 
The  Gemian  work  has  focussed  upon  the  control  of  the  refisetion  and  absorbtion  of  an  actively 
corTtrolled  boundary  element,  whiM  much  of  the  American  work  has  concentrated  upon  the  control 
of  transmission  of  acoustic  energy  over  a  partklon.  This  paper  describes  some  futxlatnentai  limits 
which  define  an  operating  envelope  for  practical  active  boundary  elements,  presented  In  the 
simplified  context  of  a  small  active  bounidary  element  fomiing  the  termination  of  an  acoustic 
waveguide,  operating  at  frequencies  below  the  plane  wave  ‘cut-off  frequency. 


2  MODEL  PROBLEM- THE  ELECTROOYNAMC  ACTIVE  ACOUSTIC  ABSORBER 

The  discussions  and  experimental  results  presented  in  this  paper  ate  based  upon  an 
implementation  of  the  “Active  Acoustic  Boundary  Elemenf  concept  bulH  aroutiid  a  conventional 
direct  radiating  eiectrocfynamic  loudspeaker.  Using  a  loudspeaker  as  the  boundary  element  has 
several  advantages  -  It  has  an  (approximately)  plane  impervious  surface  (the  cone)  which  is  linearly 
suspended  with  respect  to  me^ranical  ground  (the  frame)  by  a  suspension  designed  to  permit 
uniform  *piston-like“  displacement  of  the  cone.  The  loudspeaker  also  has  a  motor  system  via  which 
corrtrolHng  forces  can  be  applied  to  the  cone.  To  instrument  the  surface  impedance,  a  miniature 
pressure  microphone  was  fixed  on  the  moving  cone,  in  such  an  orientation  as  to  minimise  the 
transducer’s  acceleration  response.  The  cone  velocity  can  be  transduced  by  several  means  -  the 
results  presented  in  this  paper  use  velocity  measures  derived  from  a  miniature  accelerometer  fixed 
on  the  cone,  the  output  ^  which  was  integrated  electtonicaly. 

The  control  required  to  force  the  surface  impedance  to  some  prespecHied  value  is  obtained  by  a 
linear  flKerlng  operation  on  measures  of  an  acoustic  variable  in  the  waveguide.  In  the  system 
studted  in  this  paper,  the  pressure  at  the  cone  of  the  loudspeaker,  or  at  a  point  in  the  waveguide 
some  distance  from  the  active  termination,  is  the  variable  used  as  the  input  to  the  controlling  filter. 

2.1  Optimal  Controller  Configuration 

If  the  active  impedance  device  illustrated  in  Fig.  1  is  achieving  a  desired  impedance: 

(1) 

u 

then  it  is  possible  to  Identify  the  optimal  configuration  of  the  controWng  filter.  Wqt.  by  solving  the 
equation  of  motion  of  the  cone.  The  total  force  on  the  cone  is  a  sum  of  the  force  due  to  the  motor 
system,  the  acoustic  reaction,  and  the  stiffnees  and  damping  of  the  suspension: 


F-^(V-iii)-  p.S-Ru-!sJ  (2) 

zt.  jo> 

Substfluifng  the  total  force  defined  in  equation  2  into  the  equation  of  motion  of  the  cone  gives: 


Figure  1  Experimental  Eleetro«lynamlo  Aotive  Abeorber 


pS-Ru-fe-mlMU  (3) 

Ze  jct> 

which,  recalling  that  the  loudspeaker  voltage  Is  obtained  by  passing  the  pressure  at  the  cone 
through  the  controller  (see  Fig.  1 ): 

V-p..W^ 

and  subetkuling  for  pc  from  equation  1 ,  gives  the  optimum  filler: 

W,,.-Zd-’(ZB2E  +  t)+Ss  (4) 

♦  ♦ 

Equation  4  shows  that  the  filter  required  to  force  the  surface  acoustic  impedance  at  the  cone  of  the 
loudspeaker  to  the  desired  value  of  Zd  has  Swo  adcMive  terms.  The  first  term  is  proportional  to  the 
inverse  ot  the  desired  Impedance,  whilst  the  second  term.  Sze/4.  Is  Independent  of  the  required 
impedance.  (This  second  term  Is  actualy  the  fllsr  required  to  hold  the  cone  of  the  loudspeaker 
perfectly  stRI,  Impfementlng  an  Infinite  Impedance,  z<i  >  —).  In  order  for  the  optimum  fifter  to  be 
realizable,  the  desired  surface  impedance  should  have  a  causally  stabla  inverse  (as  Zd'  is  a  factor  of 
the  first  term  of  the  right  hand  side  of  (4)).  The  only  other  potential  problem  in  specifying  the  fifter 
Wi^  are  the  singularities  in  the  mechanical  impedance  of  the  loudspeaker,  Zm,  at  zero  and  infinfte 
frequencies.  Z*  has  Infinite  magnftude  at  d.c.  due  to  the  suspension  stiffness  -  this  would  require 
that  Wodi  should  have  infinite  d.c.  gain,  which  is,  deaify,  impractical.  Fortunately,  practical 
implementattons  of  active  Impedances  are  bandpass  limited  (at  low  frequencies  1^  the  Hnear 
excursion  of  the  suspension,  see  section  3.1 ,  arid  at  high  frequencies  by  the  plane  wave  ‘cut-ofT  of 
the  wave  guide)  so  the  singularities  in  the  Ideal  fifter  solution,  (4),  are  never  required. 

t2  Optimum  Oontrofler  Ualtig  Upetream  Pteeeute  SigiMl. 

If  the  Input  to  the  controMng  fiter  Is  derived  from  a  microphone  located  In  the  waveguide  some 
dMance  from  the  surface  of  the  cons  (changing  the  position  of  the  switch  in  Fig.  1)  then  the 
optimum  controller  solution  beoonws  significanlly  more  complicated.  If  the  waveguide  is  lossless, 
such  that  the  transfer  function  between  the  component  of  pressure  due  to  rightwards  propagating 
waves  at  the  upstream  microphone  location  and  the  cone  can  be  described  by  a  purs  delay. 
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the  opNmal  controller  Is  given  by: 


where  zr  Is  the  effectivs  mechanical  impedance  and  F  is  the  delay  tenn: 

zt  -  z«  +  4'/ze  F«e^ 

Equation  (5)  reduces  to  equation  (4)  when  Fa1 . 

3  OPERATIOflAL  OONSTRAMTS  OF  PRACTICAL  ELECTRODYNAMIC  ACTUATORS 

The  optimal  soiutions  developed  above  assume  that  the  loudspeaker  system  used  as  the  basis  oi 
the  active  termination  has  ideal  behaviour,  characterized  fully  by  a  linear  equation  of  motion,  such 
as  (3).  Real  loudspeakers  depart  from  this  ideal  In  two  important  respects;  they  have  nonlinear 
suspensions  and  motor  systems  and  the  voice  coN  can  handle  only  a  finite  power.  Both  of  these 
norr-kfeal  properties  deflrw  edges  of  the  operational  envelope  of  adaptive  Impedances  buHt  around 
electroc^namic  actuators,  which  are  dlscinsed  beiow. 

3.1  Suspension  Nonlinearity 

The  suspension  of  a  practical  electrodynamic  actuator  does  not  have  a  linear  compliance  (and 
damping)  terni,  rather  the  complanoe  reduces  as  the  cone  is  dsplaced  further  from  equilibrium  -  the 
suspension  stiffness  hardens.  There  Is,  therefore,  an  absolute  limit  on  the  cone  excursion.  Well 
before  this  fracture  limit  is  reached,  the  suspension  will  become  significantly  nonlinear  and  it  is 
appropriate  to  define  an  Imit  of  (approxinutely)  Hnear  cone  excursion.  This  limit  of  linear 
excursion,  I  xImi  .defines  a  fret^ncy  dspendsnt  limit  of  maximum  linear  velocity.  I  u  I  : 

IuIiw-cdIxImi  (6) 

Note  that  the  transducer  has  a  velocity  zero  at  dc.,  as  a  consequence  of  the  displacement  limit. 
Given  this  zero  in  the  practical  transducer’s  response,  it  is  never  necessary  to  attempt  to  implement 
the  dc.  pole  in  the  Ideal  optimal  filer  solution.  (4).  If,  as  shown  in  equation  (6),  the  velocity  of  the 
cone  of  an  actively  controlled  Impedance  is  Imlt^  then  it  is  possible  to  define  a  nwximum  pressure 
that  can  exist  at  the  cone  when  the  system  is  implementing  a  desired  impedance: 

Iplm-  IuIm  IZdl  (T) 

An  example  of  this  Imitation  on  the  pressure  at  the  cone  is  presented  in  section  3.3. 

3.2  Aotuator  Power  HandHng 

The  motor  syalew  of  an  electror^namic  loudspeaker  has  a  finite  electrical  power  handing  capady, 
which  Imis  the  voice  coil  current  and  resulting  electrical  force  applied  to  the  cone.  This  force 
Imposes  a  secotKl  Imtt  to  the  corw  velocity,  when  the  Impedance  at  the  cone  is  held  by  the 
controller  to  the  desired  value  of  z<t.  If  the  maximum  power  handing  of  the  voice  col  Is  P  Watts,  then 
the  maximum  voice  ooU  current  Is : 

hMt.VP/9le(ZE) 

which,  assuming  the  active  Impedance  is  successfuly  iinpiememing  the  desired  impeckmce 
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(a<Hiation  1 )  can  b*  Mbtillulad  Mo  th»  aquation  o(  motion  (3)  to  dafhw  th«  timimum  vwlocify 

Vkm  -  I _ i _ I  V  P/*a{a)  (8) 

As  dasolbodfor  aquation  (6),tho  valodly  Imil  daflnad  by  (8)  can  ba  uaad  attwrto  spadly  tha  tha 
maximum  praaaura  parmlaattila  fora  ghwn  Zd(aaa  aacUon  3.3),  or  minimum  zafor  a  apadfiad 
maximum  praaaura. 


3,3Exampla 

Tha  cona  vaiodty  timla  impoaad  by  tha  maximum  cona  llnaar  axcuralon  and  tha  motor  voica  coil 
powar  handing  can  ba  avahiatad  gKran  tha  daaMd  impadanca,  and  tha  apadflcatloita  of  tha 
actuator  uaad.  Tha  axparlmantal  rig  davalopadat  tha  LMvaraty  of  SaMord  uaaa  B20QA  drfva  unita, 
manufacturad  by  KEF  Elacironica  UmHad.  TovM.  MakMona,  Etrgland,  having  a  e.3mm  (paakto 
peak)  llnaar  cona  axcuralon,  50  Watta  (programma)  powar  handing  and  8  Ohm  nominal  Impadanca. 
If  thia  loudspaakar  la  controlad,  auch  that  tha  apadfic  acouatic  Impadanca  at  Ka  cona  la  415  Rayta, 
then  tha  velocity  Hmlta  are  ahown  in  Figure  2. 

Figure  2  Valooity  and  Praaaura  Limita  for  tha  Elaolrodynamlo  AoHva  Abaorbaif  z«a  415 
Rayla.)  _ 


The  actual  velocity  limit  la  defined  by  the  amallaal  of  equationa  (6  &  8)  at  any  frequency  -  tha  cone 
daplaoemant  limit  domlnatea  at  low  frequendea,  whiat  at  frequendea  above  approximately  100  Hz. 
the  velocity  of  the  cone  la  Imited  by  the  power  handing  capability  of  the  coll.  Aa  the  impecbmce  at 
the  aurface  of  tha  cona  la  known  to  be  Zd-  415  Rayla,  the  maximum  velocity  data  can  be  eaaUy 
acaied  to  give  the  maximum  preaaure  which  cai  be  auatalned  at  the  cone  of  thia  active  abaorber  - 
thfa  maximum  preaaure  la  alw  ahown  in  Figure  2. 

4  OONSTRAMTS  MTROOUCED  BY  THE  ‘FEEOBACIC  CONTROL  TOPOLOGY 

Moat  of  the  prevloua  work  on  the  adive  control  of  aurface  acouatic  Impedance  (for  example  [1-4]) 
haa  been  charadeiized  by  the  uae  of  a  Yeedfonvattr  controller  archledure.  That  la  to  aay  the 
controllng  flier  aenaea  the  Input  acouatic  preaaure  Inddant  on  the  active  tenrHnatlon  and  uaea  thia 
aignal  to  dative  the  control  force  required  to  drive  the  active  boundary.  The  work  daacribed  in  fliia 
paper  uaea  a  fundamentaly  dffereni  architecture.  In  which  the  controler  obaervea  one  component 
of  the  syatem  teaponae  (the  cone  preaaure)  and  uaea  thia  aignal  to  derive  the  control  force.  Thia 
approa^  ia  (aimr^)  a  ’feedback’  oorTtrol  topology.  In  which,  aa  the  name  auggeala,  a  feedback 
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path  exiats  from  the  plant  mponMtothaoontroter  Input.  In  the  active  termination  ayatem  deacribed 
In  this  paper,  the  feedback  path  Is  from  the  cone  vekx^  (system  output)  to  the  pressure  at  the  cone 
(controller  Input)  -  any  component  of  cone  vetocKy  caua^  bf  the  electrical  fordiig  term  in  the 
equatton  of  motion  (3)  chatiges  the  pressure  at  the  coite. 

Using  this  feedback  control  approach  introduces  several  oompications,  Indudirtg  the  potential  for 
loop  instability,  vrhich  must  be  avoided  If  the  system  is  to  be  practically  useful.  The  incUent  and 
reflected  pressure  components  at  the  cone  may  be  related  through  an  aquation  derived  from 
continuity  of  velocity: 

pr-  pi-p<C,Ue 


which  allows  the  system  to  be  represented  in  terms  of  the  block  dkigram  of  Figura  3  The  figure 
clearly  shows  a  feedback  path  around  the  controled  termination,  generating  the  reflected  pressure 
component  of  the  acoustic  pressure  at  the  cone,  pc.  In  order  for  the  loop  to  be  stable,  its  magnitude 
transfer  function  should  be  smaller  than  unity  : 

I  Z<i\  poC  I  (  1 

which  can  be  rearranged  to  give  a  lower  Imit  on  the  Impedance  which  can  be  implemented  by  a 
controller  in  the  presence  of  the  feedback  path: 

|Za|>p<C  (9) 

Note  that  a  further  potential  feedback  path  exists.  In  which  the  reflected  pressure  propagates  away 
from  the  actively  controlled  termination  and  Is  again  reflected,  to  form  a  component  of  the  incident 
pressure.  In  a  practical  duct  this  feedback  path  has  magnitude  gain  equal  to  or  smaller  than  the 
direct  path  de^bed  above  and  does  not  usually  sij^lflcantly  alter  the  stable  boutKf  (9). 

Equation  (9)  shows  that  it  Is  Impossible  to  Implement  an  active  ideal  absorber  (zo-  pgc)  using  a  pure 
feedback  architscture.  The  system  studied  at  the  University  of  Salford  includes  an  electrical 
“feedback  canceling”  path  which  subtracts  an  estimate  of  the  feedback  components  of  pc  from  the 
Input  of  the  controHIng  filter.  The  transfer  function  of  the  fee<fl»ck  canceling  fiter  is  automatically 
estimated  before  the  system  is  operated,  and  attempts  to  cancel  both  the  “drecT  reflected  pressure 
component  and  any  component  of  the  inddenl  pressure  due  to  feedback.  Using  this  feedback 

Figure  3  Blook  Diagram  of  the  Feedback  Controlled  Aotive  Abeorber 


1016 


canovling  apfiroach,  th*  aystoin  Is  abis  to  Implafnant  surfaca  acoustic  impadanoee  wall  bakwv  ttw 
Iml  suggasisd  In  Equation  (9),  such  that  an  anaeholc  load  can  ba  Impianwnlad. 


M  tha  oontroling  Altar  usaa  tha  total  acoustic  prsaaure  soma  dstanca  upatraam  of  tha  active 
termkutllon  as  Ha  input,  as  dacusaad  In  sactton  2.1 ,  thara  Is  a  dMafant  loop  atabWty  condMon, 
involving  tha  transfer  function  rspra8antlr)g  Am  propagation  path  between  the  upatrean  microphone 
and  tha  cone.  As  this  transfer  function  is  a  purs  delay  In  a  loasiaaa  uniform  duct,  tha  Umll  of 
Impedances  which  can  bs  Implamanlsd  (9)  applies  when  the  control  signal  is  derived  from  an 
uf^rsam  pressure  measurement,  unless  steps  are  taken  to  avoid  ttw  feedwck  path. 

5  CAUSAL  CONS-TRAINTS  ON  THE  IMPLEMENTATION  OF  ACTIVE  TERMINATIONS 

The  controlling  Aker  generating  tha  fordrtg  signal  to  drive  the  surface  impedance  of  an  active 
acoustic  boundary  to  a  desired  value  wll  usually  be  bnplementsd  using  dgital  signal  processing 
technology.  This  enables  an  appropriate  estimaie  of  the  required  Aker  to  be  derived  automaticaily 
‘on-line*  using  adaptive  signal  processing  algorithms  [^.  Using  digital  fUters  has  the  disadvantage  of 
Introducing  pure  cMy  components  Into  the  controller  response  associated  with  the  f  inks  instruction 
rate  of  the  processing  element,  sampling  delays  associated  wkh  the  data  converter  systems  and 
large  group  delays  through  high  ordw  anti-atk^ng  and  reconstttuting  Akers.  If  the  control  path 
includes  such  pure  delays,  then  the  controliing  Aker  must  act  as  both  a  Aker  and  predictor  if  the 
active  impedance  concept  is  to  be  useful,  in  order  for  the  controling  Aker  to  be  realizable,  k  must 
have  an  Impulse  response  which  Is  causal  •  k  Is  not  able  to  compensate  for  the  delays  by 
introducing  an  equal  ackanoe  component.  The  presence  of  pure  delays  in  the  control  hop  of  ttw 
system  introduces  therefore  a  causal  corwtraint  on  the  performance  of  the  active  impeda^ 
iliustrated  in  Fig.  1 . 

The  implication  of  causality  In  the  context  of  conventional  active  control  of  sourrd  is  wen  understood 
and  has  been  reported  in  the  literature  [0].  Causal  constraints  on  the  operation  of  the  feedback 
active  impedance  device  can  be  analysed  1^  solving  a  WIener-Hopf  integral  equation  for  the 
optimum  causally  constrained  controller,  us^  techniques  found  in  standard  automatic  control  texts 
[7]-  The  cunent  paper  presents  sonw  experirrwntai  resuks  which  illustrate  the  causal  constraint  and 
further  Illustrate  a  practically  useful  reiationship  between  an  easily  rrwasured  property  of  the  incident 
pressure's  autocorrelation  function  and  the  expected  performance  of  the  acthroiy  controlled 
impedance. 

Akhough  k  is  not  possible  to  introduce  an  advance  into  the  response  of  a  physical  Aker,  k  is  possible 
to  derive  the  input  signal  to  the  controller  from  a  point  in  the  duct  d  metres  upstream  of  the  active 
termination.  The  Incident  pressure  componenf  of  this  upstream  pressure  Is  advanced  by  die 
seconds  ( the  controlier  has  adopted  a  partially  feedfonvard  stnxfure).  if  the  delay  inherent  in  the 
control  loop  is  T  seconds  then  the  total  equivalent  dek^  in  the  system  wkh  upstream  pressure 
serwing  is  (T  -  die)  seconds  -  k  is  possible  to  eliminate  all  of  the  delay  if  the  upstream  microphorw  is 
far  enough  away  from  the  corw. 

Figure  4  shows  a  plot  of  the  normalized  mean  square  (velocity)  error  when  a  loudspeaker  is  actively 
controlled  to  present  a  specific  acoustic  impedance  of  41 5  Rayis,  as  a  function  of  the  spacing  from 
the  cone  to  the  upstream  microphone.  The  Incident  pressure  wave  was  a  one  octave  band  of  noise, 
centered  on  200  Hz.,  and  generated  115dB  SPLat  the  controlled  cone.  The  data  is  an  average  of 
the  converged  solutions  of  thirty  two,  46  second  evolutions  of  a  simple  adaptive  controller  for  each 
distance  repotted  and  the  error  bars  show  one  standard  deviation.  The  error  in  impierrwnting  the 
anechoic  tennination  is  seen  to  hold  roughly  constant  vahre  untH  the  distance  increases  to 
approximately  25  cm,  after  which  point  the  error  decreases.  The  delay  in  the  control  path  was 
measured  as  1 .3  msec  (corresponding  to  the  time  taken  for  an  acoiwtlc  signal  to  propagate  across 
a  dtetance  of  approximatefy  45  cm.). 
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Also  shown  in  Fig.  4  Is  ths  maximum  absolute  value  of  the  Inddant  pressure’s  autocorrelation 
function  for  lag  greater  than  the  effective  delay  (T-d/c).  Experience  has  shown  this  parameter  to  be 
reasonably  well  correlated  with  the  norm  of  the  optimum  controller’s  Impulse  response  vector  and , 
consequartly,  with  the  coherence  between  the  actual  and  predicted  cone  velodties.  According  to 
this  empirically  observed  relationship,  the  optimum  mean  squared  error  In  the  implementation  of  a 
desired  impedance  Is  proportional  to: 

EM  -  1-(Max{  |r„(t>!))2  (10) 

t  >  (T-dIc) 

Equation  10  shows  that  the  causal  constraint  can  be  effectively  removed  by  increasing 
d,  when  the  system  becomes  a  pure  feedforward  controller.  Equation  1 0  also  reveals  that  a  pure 
feedback  system  (d-0)  can  estimate  a  desired  impedance  to  an  accuracy  which  can  be  predkted  If 
the  autocorrelation  function  of  the  Incident  pressure  signal  is  known. 

CONCLUDINQ  REMARKS 

This  paper  has  demonstrated  that  physical  properties  of  a  conventional  electrodynamic  loudspeaker 
used  as  ths  basis  of  an  active  acoustic  boundary  element  Impose  limits  upon  the  range  of  sp^lc 
acoustic  impedances  which  can  be  implemented.  Further  constraints  are  imposed  by  the  physical 
requirements  of  controller  stability  and  causality.  Despite  these  constraints  It  is  possible  to  construct 
active  acoustic  loads  using  feedback  control  which  wll  approximate  desired  surface  specific 
acoustic  impedances  to  a  predictable  degree  of  accuracy  for  a  defined  Incident  pressure  signal. 
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ABSTRACT 

The  concept  of  acoustic  optimization  for  structure  -  borne  noise  (i.e.  modifying  the  vibrating  stnicmre  in 
order  to  reduce  the  emitted  noise)  is  closely  related  with  the  derivation  of  acoustic  sensitivities.  In  this  paper 
the  principles  of  acoustic  optimi^on  are  discussed  initially,  and  two  algorithms  for  acoustic  sensitivities  are 
developed,  (i)  Acoustic  sensitivities  with  respect  to  structural  sizing  design  variables,  where  physical 
proper^  of  the  structure  are  used  as  design  variables.  These  can  be  readily  used  in  an  automated  optimization 
process.  This  methodology  is  applicable  to  both  inuaior  and  exterior  problems,  (ii)  Acoustic  sensitivities  with 
respect  to  acoustic  impedance.  The  proper^'  of  the  absorbing  matnial  used  as  treatment  is  the  design  variable 
in  this  formulation.  Ttese  sensitivities  can  indicate  the  optimum  distribution  of  absorbing  material. 

1.  INTRODUCTION 

Two  type  analyses  are  associated  with  analytical  structure -borne  noise  prediction  (Hgute  1).  TbeRnite 
Element  Method  (FEM)  is  commonly  used  to  compute  the  vibration  of  the  structure  emitting  noise  [1],  [2],  and 
die  BouiHlaty  Etoem  Method  (BEM)  can  be  used  to  predict  the  generated  noise  [3].  ThereR^  tire  structural 
analysis  is  p^oimed  by  FEM  and  die  acoustic  analysis  by  BEM.  Odrer  methods  for  acoustic  prediction  are 
also  available  (futile  ekmeat  medtod  [4],  statistical  analysis  [5])  but  in  dtis  pt^er  the  focus  will  be  on 
theBEM.  The  sc(^  of  an  acoustic  optimization  process  is  to  reduce  the  structure -borne  noise  by  modifying 
the  noise  source,  i.e.  the  structure.  Design  iterations  can  be  performed  by  the  designer  based  on  practicid 
experience,  but  is  not  the  most  efficient  method.  An  automated  optimization  process  can  be  devehqred 
(Figure  2)  with  the  structural  and  the  acoustic  analysis  as  integral  parts  of  die  optimization.  Within  each  loop 
Ae  FEM  analysis  computes  the  response  of  the  structure,  and  the  BEM  analym  predicts  the  gomated  sound. 
The  optimizer  changes  the  values  of  the  structiual  design  variables,  the  finite  element  structural  model  is 
up^t^  and  the  next  optimization  loop  begus.  The  process  is  continued  until  convergers,  or  an  acceptable 
noise  reduction  is  achieved.  In  an  optimization  scheme  it  is  irapurtant  to  have  available  the  gradients 
(sensitivities)  of  the  objective  function  a^  the  constraints  ’  ith  reqtect  to  die  desi^  varisMes  in  order  to  guide 
die  solution  [6].  Formulation  of  acousdc  sensidvities  is  me  first  stqi  in  creating  an  acoustic  optimization 
process,  and  the  sc^  of  this  paper  is  to  develop  formulations  that  can  readily  be  used  wi&in  an  automated 
process.  Two  algorithms  for  acoustic  sensitivities  are  developed  in  this  paper 

(i)  Acoustic  sensitivities  vrith  respect  to  suing  design  variables. 

The  physical  properties  of  the  structure  are  us«l  as  design  variables.  This  methodology  can  be  i^tplied  to 
both  interior  ^  exterior  problems  lor  noise  rcxhictioa. 

(ii)  Acoustic  sensitivities  widi  respect  to  acoustic  impeda.'Ke. 

The  acoustic  impedance  of  the  absorbing  material  used  as  treatment  is  the  design  variable  in  this 
formulation. 
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Previous  woric  has  been  done  in  deriving  riiane  rensitivities  in  the  BEM  [7],  [8].  However,  there  are  two 
problems  assocdaied  with  actually  implementing  them  in  an  automated  opdmizaiion  process; 

(i)  It  is  expensive  to  obtain  good  shape  sensitivities,  and  general  pui^se  finite  element  programs  do  not  in 
general  have  available  such  a  feature. 

(u)  It  is  difficult  to  update  the  finite  element  model  within  an  automated  process  at  the  beginning  of  each 
iteration,  when  sh^  modifications  must  be  implemented  [9].  Simple  modification  rules  for  deforming 
the  initial  mesh  ctfien  run  into  problems,  and  genw  purpose  software  packages  performing  adaptive  mesh 
refinement  ate  not  yet  available 

In  this  paper  the  effort  is  concentrated  on  formulating  sensitivities  with  respect  to  sizing  design  variables,  that 
can  be  us^  in  an  automated  process. 

Efforts  have  also  been  made  to  use  sensitivity  analysis  and  t^dmization  concepts  with  other  acoustic 
prediction  methods.  Specifically  a  finite  element  procedure  for  design  of  cavity  acoustical  treatments  was 
developed  [10].  Acoustic  optimization  using  the  finite  element  method  for  acoustic  prediction  was  performed 
for  a  car  interior  [1 1],  and  an  optiinizatioo  method  selecting  the  damping  treatment  was  developed  [12]  using 
the  statistical  energy  analysis  method. 

In  Section  n  of  this  paper  the  formulatioo  of  acoustic  sensitivities  with  respect  to  sizing  design  variables  is 
derived,  and  areas  of  a^lkabili^  are  identified.  Section  in  ctmtains  the  formulation  with  respect  to  acoustic 
impedance  and  the  potential  applications.  Finally,  Section  IV  contains  the  plans  for  utilization  of  this  research, 
and  further  develofments. 

n.  ACXJUSTIC  SENSmvmES  with  respect  to  structural  SIZING  DESIGN  VARIABLES 

The  numerical  implementation  of  the  Boundary  Element  Method  in  acoustics  is  a  two  step  process.  First  the 
system  of  equations: 


[A](p)-[B][u„}  =  (0)  (1) 

is  solved  on  the  boundary  surface,  (p)  =  vector  of  acoustic  pressure  on  the  surface,  (U|,)  =  the  vector  of 
normal  velocities  on  the  structural  boundary,  [A]  and  [B]  full  matrices  depending  only  on  the  geometry  of 
the  surface  and  the  fiequency  of  excitation.  Once  (p)  airi  [un]  ate  computed  the  acoustic  pressure  at  any  field 
pdnt  can  be  computed ; 


P,=  {Aor(p]-{B„)'^(u„)  (2) 

where  subscript  “o”  indicates  a  field  point  aird  the  vectors  {Aq),  (Bq)  depend  only  on  the  geometry  of  the 
problem  arxl  the  fi^uency  of  excitation. 


3Po 

The  scope  of  this  formulation  is  to  derive  the  acoustic  sensitivity  where  Po  =  acoustic  pressure  at  the 


field  por '%  and  h  =  structural  sizing  design  variable.  The  term  sizing  iixlicaies  that  the  change  in  the  physical 
property  does  not  influence  the  shape  and  the  gemnetry  of  the  structure.  The  design  variable  h  can  be  for 
exampfe  the  thickness  of  a  plate,  the  sdffiiess  of  a  spring,  the  cross  sectional  area  of  a  beam,  a  material 
ptop^  etc.  In  this  fotmulatiaa  we  will  consider  only  velocity  boundary  coiKiitioas  for  the  acoustic  problem. 
This,  however,  does  not  impose  any  restriction  in  the  formulation,  since  condensation  can  be  used  to  reduce 
the  system  in  the  section  with  only  velocities  as  boundary  conditions.  The  algebra  involved,  howevor,  is  more 
tedious  and  therefine  not  presented  in  this  paper. 


^Po 

By  using  the  chain  rule,  can  be  written: 


y  ^ni 

3h  .“  3u„i  3h 

.  =  1  n. 
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where  Ugi  >  nonnal  velocity  of  the  elanent,  and  I  total  number  of  boondaiy  elements  used  in  the  model 


^0 

In  this  manner  the  acoustic  sensitivity  is  decomposed  in  two  pans,  which  can  be  calculated  from  the  BEM 

OUbi 


acoustic  analysis,  and  which  can  be  calculated  by  the  FEM  structural  analysis.  The  first  part  indicates 

how  the  acoustic  p:\issmt  changes  with  leqtect  to  the  boundary  conditions  (acoustic  part),  aird  the  second  how 
the  boundary  conations  change  with  respect  to  die  design  variables  (structural  part).  By  differentiating  Eq.  (1) 
with  respect  to  the  1*^  element  nonnal  velodqr  Ugj ; 


OT„.  du.  du„.  du„. 


(4) 


In  this  equation  ■  ,  -  j— ^  =  0,  because  [A]  and  [B]  are  only  geometry  dependant,  and  change  of  the 

•™ii(  *^ni 

velocity  Uni  does  not  imply  changes  in  the  geometry,  since  only  sizing  variables  are  considered  in  this 
formulation.  Therefore  fixxn  Eq.  (4): 


^  =  [Ar‘[B]{Ii) 

•hln, 


(5) 


where  (li)  =  unit  vector  with  only  one  non  -  zero  component  in  the  i^  position.  For  a  field  point 
differentiating  (2)  with  respect  to  Uni  results  in: 


Td{p)  fRiT,,  , 

-j— -  (B.)  Hi) 


(6) 


where  zero  terms 


a{B 


3u„ 


du. 


are  neglected.  Substituting  Eq.  (5)  into  (6)  results  in: 


^  =  {{A,lVr'[B]  -{B„)’^){Ii) 


(7) 
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This  constitutes  :he  derivatioa  of  the  acoustic  part  the  acoustic  sensitivity  .  The  tenns  in  the  right  hand 

side  of  Eq.  (7)  can  be  readily  available  &om  the  solution  of  the  BEM  analysis  for  the  acoustic  pressure.  The 
additicHial  computational  effoit  in  solving  Eq.  (7)  is  negligible  if  a  solution  m  the  acoustic  problem  exists.  For 


all  the  optimization  iterations  3^  will  not  change  since  all  tiie  terms  in  the  right  hand  side  of  Eq.  (7)  depend 

tti 

on  the  geometry  only.  Therefore,  in  an  acoustic  optimization  process  with  structural  sizing  design  variables 


^0 

need  to  be  calculated  only  during  the  fine  iteration,  constitutes  the  acoustic  part  of  the  acoustic 
sensitivities. 


1021 


The  second  pan  of  the  acoustic  sensitivities  is  and  can  be  calculated  during  the  finite  element  analysis 

of  the  structure.  When  the  frequency  response  andysis  is  perfonned  using  the  direct  approach  the  solution  is 
computed  in  the  fiequency  don^  by: 

-  (0^  {X J  +  i <0  (CSJ  {x„)  +  [K]  (x.)  =  (F„)  (g) 

where  [M],  [CS],  [K]  =  mass,  damping,  and  stiffness  matrix,  (Fq)  =  forcing  vector,  (Xg)  =  response 
displacement,  and  m  =  fiequency  of  excitation.  6q.  (8)  can  be  written  as: 

(SI  (xo)  =  {F„)  (9) 

where  [S]  =  [  -  0)2  [M]  -t-  i  n>  [C]  -)-[K] }.  By  differentiating  Eq.  (9)  with  reqtect  to  a  sizing  design  variable  h 
results  in: 


a[S] 


3(Xo) 


^{XoJ.[S]^={0) 


3{Xo) 

db 


-(S)' 


(10) 


where 


Ah  Ah  Ah  J 


From  Eq.  (10),  considering  that  the  solution  is  obtained  in 


3(u 


d(x„ 


du„ 


the  frequency  domain,  can  be  derived  fiom  -  and  accounting  for  the  geometry  can  be 


computed.  This  is  the  structural  part,  of  the  acoustic  sensitivities  and  it  can  be  computed  within  the  structural 
analysis.  Unlike  the  acoustic  part  it  must  be  computed  within  each  iteration  loop.  If  the  modal  method  is  used 
for  fiequency  analysis  the  structural  part  of  die  acoustic  sensitivities  can  be  computed  using  information  from 
the  eigenvalue  and  eigenvector  derivatives. 

In  this  section  the  acoustic  sensitivities  with  respect  to  structural  sizing  design  variables  are  derived.  The 
formulation  for  the  acoustic  part  can  be  readily  implemented  in  an  acoustic  code  based  on  the  BEM,  and  it  is 
intended  to  be  implemented  in  SYSNOISE,  a  general  purpose  acoustic  code  [13].  The  structmal  part  can  be 
computed  either  externally  fiom  a  general  purpose  finite  element  code  using  data  extracted  tom  the  code,  or 
internally  if  the  code  has  a  capability  for  the  user  to  modify  the  solution  sequence  (for  example  DMAP 
pro^amming  in  MSC/NASIIIAN).  The  devel<^>M)  methodology  can  be  used  in  all  the  areas  whm  acoustic 
prediction  through  the  BEM  is  applicable.  It  can  be  used  for  both  intericn’  and  exterior  noise  problems.  In  the 
automotive  and  the  construction  ^uipment  industry  it  can  be  used  in  reducing  the  interior  passenger  cabin 
noise  (see  Figure  3),  or  the  exterior  noise  emitted  tom  vibrating  components  (engine  bloc^,  transmission 
etc).  Aerospace  tipplication  can  be  the  reduction  of  the  passenger  cabin  noise.  Finally,  it  can  have  significant 
military  applications,  contributing  in  reducing  the  noise  emitted  from  structural  components  of  military 
vehicles.  Tliis  is  important  because  their  survivability  depends  on  the  acoustic  signature  they  emit 


in.  ACOUSTIC  SENsmvrnES  with  respect  to  acoustic  impedance 


For  this  development  Eq.  (1)  and  (2)  of  the  two  step  BEM  solution  process  are  used.  By  considering  either 
velocity  or  impedance  boundary  condition,  and  denoting  them  with  subscript  “j”  and  “2”  respectively,  Eq.  (1) 
and  (2)  become: 


and 


AiiA,2l I P:\  r 
A2iA22j\p2/  [l 


B2lB22j\u„2/  '  ' 


(11) 
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(12) 


Far  area  “2” ,  lP2)  =  [C]  (un^),  where  [Q  »  diagonal  acoustic  impedance  matrix.  Substituting  in  Eq.  (1 1) 
results: 


Pi  \  fBnBi2  /“ni\ 

A2iA22j|[C]  {U02}  j  [B21B22  \“n2/ 


=  {0) 


(a) 

(b) 


(13) 


In  Older  to  condense  this  equation  to  variables  of  the  area"]”  only,  Erst  |U|]2)  is  expressed  in  terms  of  (p]) 
and  (uni }  from  Eq.  (13b),  and  then  it  is  substituted  in  Eq.  (13a).  This  results  in: 


{u,2)=Plf[B2l]Kl)-IA2l](Pl)l 


(14) 


and 


[Aq  {p,)-(Bq(u.,J  =  {0) 


(15) 


where  PI  =f[A22l  (q  -  (B22II  ' .  and 

[Aq  =[[A,  j]  -  [A,2l  (q  p]  [A2,]  +  IB12I  p]  [Azj] 
pq  =fPiil  -  [Aid  [C]  p]  [B21]  +  P,2l  PI  [B21I] 


(16) 

(17) 


By  considering  the  impedance  value  of  an  element  as  design  variable,  or  an  entire  area  of  elements  with  a 
common  value  for  acoustic  impedance  and  denoting  it  by  q ,  differentiation  of  Eq.  ( IS)  results  in: 


where 


UpAqip,)- 

pq%i^+PBq|u„,)  =  (0) 

(18) 

3iq  _  A[q 

9P]  A[D] 

dCi  AC| 

3Ci  AC; 

(19) 

PAq=^^ 

3Ci 

(20) 

In  deriving  Eq.  (18),  (19)  and  (20)  matrices  [A]  and  p]  are  independent  from  the  acoustic  impedance  used  as 
design  variable.  In  Eq.  (18)  [un] }  is  independent  of  q,  therefore: 


[Aq 


M 

3ci 


=  -  PAq  [pil  -  pBq  (u„i}  =  (DF) 


(21) 


3Ci 


can  be  computed  from  Eq.  (21),  and 


from  Eq.  (14)  as: 
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Then  for  a  field  point  Eq.  (12)  results  in: 


9ci  \A„2/ 


In  this  type  of  acoustic  optimization  the  structural  analysis  determining  the  velocities  (uni )  need  to  be 
perform^  only  during  the  first  iteration,  since  the  structural  vibration  is  not  consideied  to  be  affected  fiom  the 
abstnbing  material  used  as  acoustic  treatment  Only  the  acoustic  analysis  will  be  performed  within  each 
iteration  (see  Hgute  2).  This  methoddogy  can  be  ^tplied  in  the  automotive  and  aerospace  industry  to  optimize 
the  distribution  of  the  absorbing  material  used  as  treatment  in  passenger  compartments. 

IV.  FUTURE  AH>UCATIONS 

The  two  formulations  for  acoustic  sensitivities,  develt^ted  in  this  p^r,  can  be  implemented  in  the  general 
purp^  acoustic  code  SYSNOISE.  They  are  ba^  on  tte  collocation  bcmndaty  element  method,  uncoupled 
solution  (i.e.  tmly  the  effect  of  the  structure  on  die  fluid  is  considered).  Since  SYSNOISE  also  includes  tire 
variational  formulation  and  a  coupled  solution  sequence,  effort  w^  be  made  to  fiirther  expand  the  algorithms 
developed  in  this  paper  for  the  variational  BEM  method,  and  for  coupled  probfems. 
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Figure  1.  Analyses  associated  with  noise  prediction 
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Acoustic  Analysis 


Figure  2.  Flowchart  of  an  acoustic  optimization  process 


Thickness  of  panel  used 


Figure  3.  Example  of  a  sizing  design  variable  for  an  automobile 
compartment 
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ABSTRACT 

Various  computational  strategies  are  available  for  modelling 
radiation  from  submerged  structures.  The  most  usual  way  consists  to 
use  a  coupled  procedure  where  the  unbounded  acoustic  medium  is 
modelled  using  boundary  elements  while  finite  elements  are  selected 
for  the  structure. 

An  alternative  is  offered  by  selecting  both  acoustic  and  structural 
finite  elements.  In  this  case,  the  near  field  is  modelled  using 
conventional  acoustic  finite  elements  while  the  far  field  is 
dicretized  into  infinite  elements.  These  infinite  elements  contain 
appropriate  interpolation  functions  in  order  to  describe  the  far 
field  behaviour.  The  so-called  'wave  envelope'  approach  can  be 
selected  in  order  to  speed  up  the  generation  of  element  matrices. 

These  two  approaches  are  reviewed  and  compared  in  this  paper.  Both 
formal  aspects  are  described  but  also  specific  application  to 
radiation  from  submerged  structures. 

INTRODUCTION 

Modelling  of  radiation  from  submerged  structure  usually  involve 
coupled  models  where  reciprocical  fluid-structure  interaction 
effects  are  taken  into  account  :  structural  displacements  act  as 
boundary  conditions  for  the  fluid  while  fluid  pressures  generate 
additional  loads  on  the  structure. 

The  effective  consideration  of  these  effects  require  selection  of 
appropriate  models.  The  unbounded  character  of  the  fluid  domain  is  a 
difficulty  which  can  be  overcome  using  a  boundary  integral 
formulation.  The  dimensionality  of  the  problem  is  reduced  so  that 
only  a  boundary  discretization  is  required.  The  direct  boundary 
integral  representation  usually  selected  involves  surface  pressures 
and  normal  velocities. 
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Reclprocical  effects  can  easily  be  handled  using  a  coupling 
procedure  converting,  on  one  hand,  structural  dlsplacosents  Into 
boundary  norauil  velocities  and,  on  the  other  hand,  fluid  pressures 
Into  eechanical  loads.  This  approach  has  been  described  by  WILTON 
[8]  and  will  be  sussurlzed  below. 

An  alternative  procedure  consists  to  use  both  acoustic  and 
structural  finite  elesienta.  The  unbounded  character  of  the  fluid 
dOBialn  is  not  well  suited  for  a  finite  elesient  approach.  The  problem 
can  however  be  handled  by  defining  some  radiation  iBg>edance  boundary 
condition  on  a  fictive  surface  located  at  a  finite  distance  from  the 
structure.  Difficulties  of  locating  this  fictive  boundary  and 
assigning  suiteUsle  boundary  condition  can  be  overcosie  by  using 
acoustic  infinite  elements  for  the  far  field.  These  eleoients  allow 
to  map  a  region  of  infinite  extension  and  use  appropriate 
interpolation  functions  in  order  to  reproduce  the  expected  far  field 
behaviour . 

These  elements  have  been  introduced  by  BETTESS  [ 1 ]  some  years  ago 
and  have  been  successfully  refined  recently  by  ASTLEY  and  COYETTE 
[4,5]  through  application  of  a  'wave  envelope*  process  allowing  to 
simplify  generation  of  related  element  matrices. 

These  two  concurrent  approaches  are  presented  below.  Application  to 
a  submerged  structure  is  then  described. 

MIXED  FINITE  ELEMENT /BOUNDARY  ELEMENT  APPROACH 

As  Stated  before,  this  approach  relies  on  the  use  of  a  conventional 
finite  elesient  model  for  the  structure  while  a  direct  boundary 
integral  representation  sustains  the  developsient  of  the  acoustic 
boundary  element  model. 

Acoustic  boundary  element  representation.  In  the  frequency 
domain  (assuming  a  time  dependence  like  exp(-t’ia>t) ) ,  the  basis  for 
such  an  approach  is  the  Helmholtz  surface  integral  equation  linking 
surface  pressure  p  and  normal  velocity  v^  : 


c(x)p(x)  -  pjx)  + 


P(Y) 


dG(x,y) 

dn. 


ipo>v„(y;G(x,y> 


<iS(y)  (1) 


where  x  and  y  are  points  located  on  boundary  surface  S,  ny  is  the 
local  norsial  to  S  at  boundary  point  y  (assumed  to  be  directed  into 
the  fluid  medium)  and  pi^  is  the  incident  field  pressure. 


In  the  above  expression,  G(x,y)  is  the  usual  Green  function 
( fund^unental  solution  of  3-D  Helmholtz  equation  for  a  point  source 
located  at  y  point)  given  by 


G(x,y) 


exp(-ikR(x,y)) 

4nR(x,y) 


(2) 


where  R  is  the  distance  between  x  and  y  points  while  k  is  the 
wavenumber . 


The  numerical  procedure  relies  on  discretization  of  boundary  surface 
S  and  selection  of  interpolation  functions  for  both  surface  pressure 
and  normal  velocity. 
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Collocation  of  the  discrete  form  of  Eq.  (1)  at  each  boundary  node  in 
turn  allows  to  set  up  a  relation  between  nodal  pressure  vector  P  and 
nodal  normal  velocity  vector  v  : 

[A](P)  -  (Pj  +  [fl](  V)  (3) 

where  A  and  B  are  frequency  dependent  SMtrices  while  is  the 
vector  of  nodal  incident  pressures. 

In  a  coupled  aK>del,  the  normal  velocity  vector  V  is  related  to  the 
structural  displacement  vector  U  through  t 

(  V)  -  i<i)[T](U)  (4) 

where  the  matrix  T  contains  normal  components  at  boundary  nodes. 

Structural  finite  element  model.  The  structural  model  is  based 
on  a  displacement  finite  element  model  and  is  characterized,  in  the 
frequency  domain,  by  : 

[2,](a)  -  (fJ  -  [c'JCp)  (5) 

where  C  is  the  geometrical  coupling  matrix  allowing  to  convert  fluid 
pressures  into  mechanical  loads  while  Zg  is  the  structural  impedance 
matrix  given  by  : 

[^»]  -  [^»]  +  (6) 

where  Kg,  Mg  and  Dg  are  the  usual  stiffness,  mass  and  damping 
matrices . 


Coupled  model  and  solution  atrateov.  The  coupled  model  results 
from  merging  Eq.  (5)  and  (3)  using  the  kinematical  continuity 
requirement  expressed  by  Eq.  (4).  The  resulting  coupled  system 
appears  as 


-i(oBT 


(7) 


Alternatively  this  system  can  be  written  using  a  modal  description 
for  the  structure.  In  this  case,  the  structural  displacement  vector 
U  is  expressed  as  a  combination  of  structural  modes  through 

(£7)  -  [«>](X)  (8) 


where  4>  is  the  modal  matrix  while  X  is  the  vector  of  modal 
participation  factors. 


System  ( 7 )  can  be  rewritten  as 


C'" 

f'l  -  r''! 

-  ia)OT 

A 

UJ  UJ 

(9) 
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where 

[Z,]  - 

(>.)  -  [4>']{n) 

[c]  - 

[t]  -  [T][®]  (10) 

are  the  ao-called  modal  impedance  matrix,  modal  load  vector,  modal 
coupling  matrix  and  modal  normal  matrix,  respectively. 

Solution  of  either  system  (7)  or  (9)  is  performed  using  an  efficient 
fluid  methodology  where  structural  unknowns  are  first  elisLinated 
(taking  into  account  sparseness  and  symmetry  of  structural  matrices 
and  specific  properties  of  C  and  T  matrices).  The  resulting  updated 
fluid  set  of  equations  is  then  solved  for  nodal  pressures.  Recovery 
of  structural  displacements  results  from  solution  of  system  (5). 

It  must  be  stressed  that  the  direct  boundary  integral  formulation 
suffers  from  non-uniqueness  of  the  solution  at  critical  frequencies 
(eigenfrequencies  of  related  Dirichlet  interior  problem) .  The  so- 
called  'CHIEF'  procedure  [10]  has  been  selected  to  resiove  this 
problem. 

# 

The  above  procedure  has  been  implemented  in  SYSHOXSB  4.4  [6]  which 
allows  to  import  either  structural  matrices  or  a  modal  basis  from 
structural  packages  in  order  to  set  up  the  structural  model  and  to 
solve  the  coupled  problem. 

FINITE  ELEHENT/INFINITE  'WAVE  ENVELOPE'  ELEMENT  APPROACH 

This  alternative  procedure  makes  use  of  structural  finite  elements 
comobined  with  (volumic)  acoustic  finite  elements  for  the  near  field 
while  infinite  'wave  envelope'  acoustic  elements  are  selected  for 
the  far  field. 

Acoustic  finite  elements  are  iso-parametric  elements  with  un)cnown 
nodal  pressures.  Infinite  'wave  envelope'  elements  are  based  on 
mapped  infinite  elements  (as  described  in  [2])  and  make  use  of 
special  interpolation  functions  combining  polynomial  and  harmonic 
expansions . 

Weighted  residual  statement.  Solution  of  Helsiholtz  equation  in 
an  infinite  domain  V  is  based  on  application  of  a  weighted  residual 
statement  incorporating  field  and  boundary  residuals. 

Considering  only  velocity  boundary  conditions  on  surface  S  s 

dp/dn  -  -ip<»v„  on  S  (II) 

and  the  equivalent  finite  approximation  for  the  radiation  condition 
on  a  far  field  boundary  Sa  i 

dp/da  -  -ikp  on  S,  (12) 

the  weighted  residual  statement  is  formulated  as 
J  •  Vp  +  l^ffiP)dV  +  J  ipttt  w;  v,dS-  j  ikW^  pdS  -  0  (13) 

V  B 
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where  are  weighting  functions. 

If  acoustic  pressure  p(x)  is  tnritten  as  a  trial  expansion  of  known 
basis  functions  Mj_(x)  and  unknown  coefficients  q^,  corresponding 
stiffness,  mass  and  damping  matrices  are 

K..,,  -  i  (VW,  •  VN^)dV 

V 

wjdv  (14) 

V 

and  the  acoustical  loading  vector  is 

-  ip<oJ(tf^  vjds  (15) 

8 

The  unknown  coefficient  vector  Q  (containing  nodal  pressures  q^)  is 
given  by  solution  of  equations 

[k.  +  iJcD,  -  k’M.]((?)  -  (f.)  (16) 

Infinite  element  mappino.  The  existence  of  the  infinite  domain 
requires  to  subdivide  exterior  region  into  inner  and  outer 
subregions.  The  inner  region  lies  close  to  the  radiating  surface 
while  the  outer  region  extends  to  Sa  • 

A  conventional  finite  element  mesh  is  constructed  within  the  inner 
region  and  usual  shape  functions  are  selected  for  both  and 
functions . 

The  outer  region  is  subdivided  into  a  single  layer  of  infinite  wave 
envelope  elements  matched  to  the  conventional  mesh  at  an  arbitrary 
interface. 

The  mapping  and  interpolation  functions  related  to  these  three- 
dimensional  elements  are  based  on  reference  [2]  : 

(17) 

Polynomial  expansions  in  local  coordinates  are  selected 

such  that  the  expected  far  field  behaviour  (1/r  for  3-D  problems)  is 
well  reproduced  along  local  infinite  direction  | 

The  wavelike  behaviour  of  the  solution  is  also  approximated  by  the 
exponential  factor.  Moreover  since  the  near  field/far  field 
interface  is  located  at  compatibility  with  conventional 

acoustic  finite  elements  is  ensured. 

Wave  envelope  weighting  scheme.  The  wave  envelope  approach 
introduced  by  ASTLEY  [3]  for  large  but  finite  elements  has  been 
extended  to  infinite  elments  by  ASTLEY  and  COYETTE  [4,5]  and 
involves  weighting  functions  defined  as  the  complex  conjugates  of 
the  basis  functions  multiplied  by  a  factor  (a/r)^  ensuring  that 
mass  and  stiffness  integrals  are  finite  and  that  radiation  integral 
vanishes  as  the  outer  boundary  approaches  infinity 
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Hr  .  (a/r)"W,  (18) 

The  use  of  above  interpolation  and  weighting  functions  allows  to  set 
up  element  mass  and  stiffness  matrices  which  can  be  assembled  in  the 
usual  way  to  form  global  mass  and  stiffness  matrices. 

A  key  feature  of  these  element  matrices  is  the  cancellation  of  the 
exponential  factors  within  each  integrand  and  the  boundedness  of  all 
resulting  integrals  as  the  element  volume  becomes  infinite.  All 
integrands  can  therefore  be  transformed  to  a  finite  region  of  the 
parent  apace  and  integrated  numerically  using  standard  Gauss- 
Legendre  quadratures. 

This  is  a  major  advantage  over  conventional  infinite  elesienta  which 
require  the  more  complex  Gauss-Laguerre  quadrature  scheme.  An 
additional  interest  results  from  the  fact  that  related  element 
matrices  are  frequency  independent  so  that  far  field  mesh  usually 
doesn't  need  to  be  refined  as  frequency  increases. 

Extension  to  coupled  problem.  Extension  of  above  approach  to 
coupled  problesis  is  straightforward.  The  discrete  structural  model 
based  on  finite  elements  can  easily  be  coupled  to  the  above  acoustic 
finite  elestent/infinite  ‘wave  envelope'  element  model  following  the 
procedure  described  for  coupling  structural  finite  elements  and 
acoustic  boundary  elements.  This  operation  leads  to  the  system  : 


’  K,  -  d’ 

r  Ps 

^  K- 

f. 

C 

po>^ 

UJ 

Various  solution  strategies  can  be  selected  for  solving  Eq.  (19). 

The  fluid  methodology  is  based  on  elimination  of  structural  degrees 
of  freedom  and  solution  of  related  (updated)  fluid  problem. 
Conventional  modal  approach  can  also  be  used  for  the  structural 
model  while  Ritz  vector  approach  (7)  appears  as  a  promising  tool  for 
this  kind  of  problem. 

APPLICATION 

The  problem  of  a  submerged  spherical  shell  is  considered  [9].  In 
this  problem,  a  thin-walled  spherical  shell  is  submerged  in  a  liquid 
and  driven  internally  with  a  point  load.  The  shell  has  a  radius  a  = 
5m,  a  uniform  thickness  h  =  0.15m  while  the  constitutive  material 
has  a  Young's  modulus  of  2.07x10^^  Pa,  a  Poisson's  ratio  of  0.3  and 
a  density  of  7669  kg/m^.  The  fluid  is  water  with  a  density  of  1000 
kg/m^  and  a  sound  speed  of  1524  m/sec.  A  load  of  1  N  is  applied  at 
one  pole  and  solution  is  computed  at  ka=l  and  1.5  . 

Due  to  symmetry,  only  one  fourth  of  the  actual  structure  has  been 
modelled.  The  structural  finite  element  mesh  is  shown  at  Figure  1 
(241  nodes,  216  elements).  This  mesh  is  also  the  l>oundary  element 
mesh  used  for  coupled  FEM/BEM  computations.  The  acoustic  finite 
element  mesh  used  for  the  near  field  is  represented  at  Figure  2  (864 
brick  elements).  Far  field  is  modelled  using  241  infinite  wave 
envelope  elements  with  linear  Interpolation  functions  F^  along 
infinite  direction. 

Surface  pressures  along  a  meridian  line  are  represented  at  Figures  3 
and  4  for  ka^l  and  1.5,  respectively. 
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From  these  surf see  results,  far  field  pressures  can  be  cosiputed 
using  the  discrete  form  of  Eq.  (1).  Directivity  diagram  in  syausstry 
plane  x  >  0,  at  a  distance  d»20a  frc»  shell's  center  has  been 
ccxnputed  using  surface  pressures  and  normal  velocities  obtained  from 
the  two  models.  Magnitude  of  far  field  pressures  is  represented  at 
Figures  5  and  6  for  ka>l  and  1.5,  respectively. 

As  it  can  be  seen  from  these  figures,  the  two  skodels  give  sisiilar 
results. 

CONCLUSIONS 

Two  alternative  procedures  for  handling  acousto-structural  problems 
have  been  presented. 

The  mixed  boundary  element /finite  element  technique  allows  to  reduce 
the  dimensionality  of  the  problem.  Acoustic  matrices  A  and  B  are 
however  full,  complex,  unsymmetric  matrices. 

The  number  of  degrees  of  freedom  involved  in  the  wave  envelope 
solution  is  generally  much  large  than  an  equivalent  boundary  eleikent 
solution  and  mesh  generation  is  more  tiste  consuming  but  the 
resulting  equations  are  more  sparse  so  that  the  solution  time  is  not 
necessarly  much  greater  than  for  the  boundary  element  solution. 
Additionally  the  non-uniqueness  problems  which  cause  difficulty  with 
some  boundary  element  formulations  are  entirely  absent. 
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ABSTRACT 


Behavioraf  Isolation  bearings  used  for  supports  of  nuclear  reactors  Is  studied  In  tNs  paper.  These  ssIstnL. 
Isolation  bearings  have  very  high  vertical  stiffness  to  support  the  weight  of  the  structure  wMe  having  ver) 
horizontal  stiffness  for  Isaiah  purpose.  The  passive  damping  proMdad  by  these  beatings  Is  of  kiterest  A 
eletnent  model  of  3-0  constitutive  relation  of  these  viscoeiaatic  maiertais  is  developed.  Hysteresis  loops  are  d 
for  different  maximum  strains  at  a  particular  frequency,  and  the  process  Is  repeated  for  various  frequencies, 
area  under  the  hysteresis  loop  is  computed  In  order  to  obtain  damping  propeitles. 


INTRODUCTION 

Environmental  safety  of  nuclear  reactors  is  always  of  concern  and  present  iA>bal  snvironmertal 
consciousness  makes  It  even  more  Important.  Isolation  bearing  placed  between  the  structure  and  the  ground  would 
greedy  enhance  the  safely  of  the  reactors  from  seismic  effects.  These  bearings  have  many  desiiable  properties  such 
as  a  very  high  vertical  stiffnass  and  very  low  horizontal  stiffness,  durabflty,  corrosion  resistance,  and  relatively  high 
damping  capacity. 

A  3-D  constitutive  model  predicting  the  behavior  of  such  material  Is  essential  for  reliable  design.  Sufficient 
Internal  damping  of  these  bearings  would  eliminate  the  need  for  an  active  vibration  corarol  system.  In  this  paper 
damping  properties  of  materials  used  for  such  bearings  are  studied. 

THEORY  FORMULATION 

The  following  outline  describes  the  computaUonai  steps  performed  In  order  to  evaluate  stresses  from  given 
nodal  displacements.  The  constitutive  relations  are  based  on  work  by  SImo  and  Taylor  [1-3].  For  given  nodal 
dispiacenients  at  time  s.  the  deformation  gradient  £  Is  litet  computed,  then  the  right  Cauchy  Green  tensor  Is 
evaluated  as 


Next, 


ynhem  J  •  tkn  F 


making  detS° I-  The  deviatotic  stress  becomes 


dev  C  (s)  -  S  (s)  -  i  (IT  C  (s)I  e 
9 
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whereii  Is  metric  tensor  In  the  raieranceconnguratlon.  H  rectangular  Cartesian  coordinates  are  used,£  =  i  (second 
order  unit  tensor).  The  Euctedlan  norm 

I  dev  S  (s)  I  -  E  (s)  :  5  (»)!’ 

Is  used  to  evaluate  the  damage  function  which  Is  assumed  (2) 

^  -  max  I  dev  C  (a)  I  .  a  *(-<•,  f ) 

The  effective  deviatoric  Lagranglan  strain  is 

«  (s)  -  KX  )  dev  S  (s) , 

where  7  (^  )  /s  a  function  of  damage  variable  ^  ,  derined  as 

f  (*)  ■  P  ♦  ( 1  -  P  .  «  s[0  .  ^  and  p  e  (0  .  1J 

*/« 

Here  a  and  p  are  input  parameters,  a  being  the  damage  exponent  and  p  being  the  damage  limli. 

The  stress  tensor  Is  taken  as: 

2  ♦  K  In  J  /  ♦  J^IG.  ♦  (Go  -G.  )  e-®-)^!  »  (s)ds 

where  K  Is  the  bulk  modulus.  V  Is  the  relaxation  time  constant.  Go  conesponds  to  the  short  term  shear  modtPue,  and 
G.  to  the  long  germ  shear  modulus.  The  dot  denotes  the  derivative  with  respect  to  time. 

The  stress  tensor  is  updated  through  kicrsmental  steps  based  on  the  tallawing  derivation; 

o,„  -  o  IG.  +  (Go  -  GJe-«"-*'^)«  (s)  ds-  [G.  ♦  (Go  GJe ^^Ws)  ds 

-  K  In  J„J  *  J^'’lG.  ♦  (Q„-GJe-^'’-"n«(8)  ds 

+J^(G.+(Go-GJe  ■®"'*'^«(s)ds-J^lG.HGo-GJe  ■‘^•*’'^i(s)ds 
-K\nJ„  /rX.^!^»f’"*’(G.*(Go-GJe‘^*’^’'’  jK(s)ds 
♦/^[G.HGo-GJe  ■^■”^i(sMs-£;'(G.*(Go-G^-^"‘’'’i(s)  dsj 

-  K  In  (♦f’"[G.*(Go-G>‘*^-’  '^^^(s)ds^KJ^/ 
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J-m  •'tg, 

-J^|G.*(Go-G  Jo  ■®"'*‘^«<s)ds 
'-’G.i(s)d**J_^  ’"•’[Go-GJo 
+(o  -•'•-D  J^(Go-G^o  ■®"->^ii(s)ds 

4f/i> 

♦(e-*'--l)£'(Go-GJe-«"-’'*4(s)ds  tor  t  s  f„., 

The  tourth  temi  in  the  abowe  ec^mtlon  was  evaluated  by  using  the  mid-point  nie  and  the  mean  vahia  theorem  as 
follows: 

f  '"•’(Go-G>‘^*’'*’"i(s)ds 


-[/^'"•’(Go-GJo-®»'’-''*cfeIi(ai;i  t  s  f„. 


KGo-GJ»(1^-‘^)i(l) 


-(G„-Gjil^^Af  i  (I) 
it  /» 


rhus  O  .,.2„4K  ^^jte„.,*(G„-GjI^IK.We-'^-l)n. 


where  the  hteto.-y  variable  H„  and  An^,  are  defined  as 


h(,./^(G„-G>  •^-’^i(s)d3 


Aa„.i-»(»n.i)-»(0 
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FkMiy  the 


can  ba  aaqMMed  In  Incwnartal  iorm  M 


where 


<«^,-<a 


RESULTS 

SInca  thaaa  isdatlQn  bearifVB  are  used  to  protect  ttM  taactois  from  aaittiquakea.  ttw  fraquancy  range  tM 

Is  of  Merest  ieueualy  very  kw.  FMt  tfw  bearing  Is  sub|ected  to  a  loading  frequency  of  0.05  Hz.  Maximum  etraine 
of  30, 60.  90. 120,  ISO,  120, 90,  60,  and  30%.  three  cydae  each,  are  epecllsd  for  the  Input.  The  loading  hMaty  Is 

ahoum  In  Figure  1.  The  corresponding  strass-atiain  plots  are  ploited  In  Figure  2.  ttwtracea  of  decreasing  wi^Ntude 
being  Mlcalsd  In  dotted  Hnas.  The  next  loading  Input  Is  elmlar  to  the  previous  one  sDccapt  that  the  new  freouancv 
ls0.SHz 

The  damping  ratio  {Is  measured  from  the  definition  V2«A.  where  A„  Is  the  area  of  the  hysteresis  loop 
arxl  A,  is  the  alaalc  strain  energy  or  the  hystarasis  loop.  The  numerical  valusa  of  damping  rattoa  for  the  two  loadino 
historlas  are  presented  In  Table  1. 

Next  the  apedmsn  is  subjected  to  an  offset  cyclic  loading  as  shown  In  Figure  3.  The  shear  spadnwn  was 
loaded  to  100%  straMno  (3  1/2  cycles)  foifowsd  by  two  ful  cycles  from  50%  to  100%  strain  and  than  back  to  the 
previous  loading  of  100%  strain.  The  response  of  the  spedrnan  Is  shown  In  Figure  4.  Dotted  lines  indicale  the 
receding  ampiltude  loading. 

The  spedman  is  subjected  to  some  more  loading  Natorles  with  maximum  strain  ranging  from  25%  to  150%. 
The  variation  of  damping  ratio  on  frequency  Is  plotted  In  Figure  5.  SImlarty  Figure  6  displays  variation  of  damping 
ratio  with  maximum  strait>s  for  trequendes  ranj^  from  0.05  Hz  to  1  Hz. 

CONCLUDING  REMARKS 

The  results  Show  that  damping  decreases  wkh  Increasing  frequency.  This  Is  in  agreement  wlh  StekM  [4] 
bd  not  with  Tarijian  [5].  Damping  dscreases  slighdy  wltti  increasing  sbain  If  only  ist  cyde  Is  conaldersd  but  2nd 
cyde  onwards  damping  is  independett  of  maximum  strain.  Further  Investigation  is  needed  to  correlate  the  analytical 
arxl  experimental  results. 
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shear  strain  (in/in) 

FIgurs  2.  S«quanc«  of  Hytteraslt  Plott  due  to  Loading  In  Figure  1 
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Tabto  1.  Damping  In  Hyateresit  Loops  witti  Incfsaslng  &  Dorwailng  Strain 


Cycles 

Maximum 

Strain  In/ki 

Damping  at  Loading  Frequandas  | 

0.06  Hz 

0.5  Hz 

1st 

0.1517 

0.1196 

2nd 

0.3 

0.1429 

0.1068 

3fd 

0.1429 

0.1074 

1st 

0.1500 

0.1156 

2nd 

0.6 

0.1429 

0.1072 

3rd 

0.1429 

0.1074 

1st 

0.1460 

0.1111 

2nd 

0.9 

0.1429 

0.1073 

3fd 

0.1429 

0.1074 

isl 

0.1444 

0.1003 

2nd 

1.2 

0.1429 

0.1073 

3fd 

0.1429 

0.1074 

1st 

0.1436 

0.1086 

2nd 

1.5 

0.1429 

0.1073 

3id 

i 

0.1429 

0.1074 

1st 

0.1456 

0.1091 

2nd 

1.2 

0.1429 

0.1078 

3td 

0.1429 

0.1074 

1st 

0.1466 

0.1098 

2nd 

0.9 

0.1429 

0.1078 

3id 

0.1429 

0.1074 

1st 

0.1483 

0.1108 

2nd 

0.6 

0.1429 

0.1077 

3id 

0.1429 

0.1074 

1st 

0.1538 

0.1137 

2nd 

0.3 

0.1429 

0.1079 

3rd 

0.1429 

0.1075 
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frenquency  (Hz) 


Figure  S.  Variation  of  Damping  wWi  Fraquancy  for  DMarani  Valuea  ct  Strain 


0.25  Hz  frcnuoncy 
0.50  HI  trcQucncy 
0.75  Hz  frequency 
1,00  Hz  frequency 


.5  1.0 

maximuni  strain  (in/in) 


Figure  6.  VarWIon  of  Damping  w«h  Maximum  Strain  for  DUfarant  Valuaa  of  Fraquancy 
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ABSTRACT 

In  thM  papar,  a  mnthod  uaad  to  detannine  the  boundary  condition  of  Finite  Element  Model  with  ttnic- 
ture  modal  parametan  it  pratentad.  On  deriving  the  method,  the  theory  of  Finite  Element  Modal  for  dy¬ 
namic  calculating  it  used.  Combined  with  the  modal  parametert  got  from  axparimant,  a  FEM-Modal 
Parameter  aquation  to  determine  the  boundary  condition  it  put  forward.  For  tolving  the  aquation,  three 
methodt  are  given.  The  firat  it  the  accurate  method.  The  second  it  the  full  mode  computation  method  by 
meant  of  generlizad  inverte  matrix.  The  third  it  the  interpolation  method  of  frequency.  An  applied  example 
it  given  and  the  retulta  of  calculation  fully  verify  the  effectivenett  of  the  method  offered. 

NOMENCLATURE 

[Rx] = Stiffnatt  matrix  of  the  FEM 
[K  ’  ] = Unknown  bound  ttiffnets  matrix 
L  =  The  mumber  of  unknown  bound 
[MJ  =  Matt  matrix  of  the  FEM 
{x}  Ditplacement  vector 
{k' }  =  Acceleration  vector 
=  The  i-th  eigenvector 
= The-i-th  tatted  modal  vector 
a>Ai = The  i-th  eigenfrequancy 
a>|= The  i-th  tatted  natural  frequency 

INTRODUCTION 

Before  the  ttructure  dynamic  calculation  of  Finite  Element  Modal,  it  it  very  important  to  determine  the 
boundary  condition  accurately.  In  fact,  the  boundary  condition  of  a  large  number  of  ttructuret  caim't  be 
simplilied  at  ideal  boundary  condition.  For  example,  the  bearing  tupporter  of  rotor  machine,  the  joint  of 
machine  element,  and  the  inttalling  and  fixing  point  of  a  ttructure,  cann't  be  detcribad  at  a  ideal  boundary 
condition.  Becaute  of  tbit,  it  it  very  tignificant  to  datermina  the  boundary  condition  of  a  ttructure  before 
the  structure  dynamic  computation. 

Bated  on  the  Finite  Element  Model  and  ttructure  modal  parametert  got  from  experiment,  a  method 
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uMd  to  datonnuM  th*  bouadvy  cooditioa  at  Finit*  ElMBcat  Modal  ia  pnaaotad. 

FEM-MODAL  PATAMETER  EQUATION 


For  a  undampad  ttnictun,  tha  aquation  of  motion  for  tha  itructura  Finita  Elaraant  Modal  it 


0) 


Whara:  [M  Jit  tha  man  matrix  of  tha  FEM  of  ordar  N  by  N,  [K  J  it  tha  itiffnast  matrix  of  tha  FEM  of  or- 
dar  N  by  N,  and  (x}  and  {V }  ara  tha  ditplacamant  (  including  tha  trantlational  ditplacamant  and  tha 
rotational  ditplacamant)  and  accalaration  vactort  of  ordar  N. 

Tha  aiganfraquancy  and  aiganvactor  of  aquation  (1)  ara  obtainad  from  tha  tolution  of 

(2) 


Foraach  i,  wabavaa  vactor  and  thata  vactort  conttitutt  a  full  mode  group. 

In  fact,  tha  boundary  condition  of  a  large  number  of  itructurat  cann't  be  timplifiad  at  ideal  boundary 
condition  and  it  it  called  unidaal  boundary  condition.  Suppote  there  are  tome  unknown  elattic  boundi  in 
some  given  FEM  nodes  in  loma  given  direction.  Than,  all  of  the  bound  ttiffnest  of  the  unknown  elastic 
bound  constitute  a  bound  ttiffnasi  matrix  [K*],  and  tha  matrix  [K']  it  a  diagonal  matrix.  Therefore,  the 
unknown  elastic  bounds  supply  a  bound  force  -[K  *  ]  {x},  which  it  opposite  to  the  ditplacamant. 

In  that  cate,  aquation  (1)  changes  into 

tM  +  (a:  J{x}  -  -  ■  JU)  (3) 

Equation  (3)  t$  called  the  dynamic  equation  of  tbe  Finite  Element  Model  with  unideal  boundary 
bound. 

If  the  accurate  modal  parameters  <o^  and  (i=  are  got  from  modal  testing,  for  tbe  r— th 

eigenfr8quency,we  have 

-<u|[M  -  -  lK‘m, 

i  -  I,2,—,m  (4) 


whera(4}^  |i(i“  It2.™,rn).  containing  tha  tasted  modal  vector  and  tbe  untested  modal  vector. 

Equation  (4)  is  called  tha  FEM— Modal  Parameter  aquation  used  to  determine  tbe  boundary  condition  of 
structure  Finite  Element  Model. 

By  solving  equation  (4),  we  can  get  the  unknown  boundary  bound  stiffness  K„  K,,"*.  K  JL  is  defined 
as  the  nurader  of  unknown  bound). 


THE  ACCURATE  METHOD 


If  all  the  tested  mode  on  the  node  of  tbe  FEM  of  a  structure  are  full  mode  (containing  the  mode  branch 
of  rotational  direction  of  order  N,  and  is  tbe  i-th  column  of  the  tested  modal  matrix.  Substitute 
{Ojjinto  aquation  (4).  For  each  i,  a  set  of  R,^K,i,"',Ku(L  <  n)  can  be  got  (i  =  1 ,2,“',m).  So,  we  get  m  sett  of 
unknown  boundary  bound  stiffness  solution. 

By  using  the  method  of  the  least  squares,  a  tolution  of  unknown  boundary  condition  with  minimum 
variance  can  be  got,  that  it: 
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K 


L 


<5) 


Th*  aocuiaU  mathod  ii  vuad  only  in  the  cau  that  tha  maatund  moda  it  a  full  mode. 

Tha  tohition  of  thia  mathod  it  aocurata  and  tadtfying,  but,  at  all  known,  it  it  difficulty  to  test 
rotational  modal  branch. 


FULL  MODE  COMPUTATION  METHOD  BY  MEANS  OF  GENERLIZED  INVERSE 
MATRIX 


The  aiganfraquency  and  aigenvactor  of  aquation  (3)  can  ba  got  from 


(6) 


For  the  i-th.  eigenvalue,  equation  (<)  can  be  written  into 


M  ,1 

fit  ^  ,1 

tf 

+ 

«  tf 

"-r. 

.<  */r. 

i  = 

L  / 


(7) 

where  [K^]  contains  (K*  ],  subscript  c  and  f  is  regard  as  testing  degree  and  untesting  degree.  From 
equation  (7),  we  get 

1=1^.-"^  (8) 

There  are  a  lot  of  lolution  to  equation  (8),  By  leading  in  an  additional  constrain  condition. 

|{«,},l,-tnin  (9) 


then,  only  a  solution  of  equation  (8)  which  has  the  minimum  Frobeniut  norm  can  be  got 

{♦,}.  -  -  (  *  (  IKJ  - 

i  ■=  1,2,—^  (10) 

From  equation  (10),  we  get  the  i-th  eigenvector 

i=I,2....,m  (U) 

Equation  (10),  (11)  it  called  the  full  mode  computation  method  by  means  of  generlized  inverse  matrix. 
When  the  rotational  mode  branch  has  not  been  tested,  the  rotational  mode  branch  can  be  got  from  the 
translational  moda  with  this  method.  Substituting  the  full  mode  into  equation  (4),  we  can  get  an  approxi¬ 
mate  solution  of  Ik’  ].  A  computation  example  can  be  seen  later  in  this  paper. 


THE  INTERPOLATION  METHOD  OF  FREQUENCY 


Before  solving  equation  (4),  two  sets  of  modal  parameter  are  ealculated  with  finite  element  model  in 
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two  Pint,  let  all  the  unknown  boundary  bound  be  free.  (  i.e»  all  equal  to  zero).  Second,  let  all  the 
unknc  *vn  boundary  bound  be  fixed  end. 

Por  solving  equation  (4),  there  are  two  interpolation  method.  One  method  use  the  restrained  stifTness, 
tlie  other  use  the  restrained  mode  branch. 

l.THE  INTERPOLATION  METHOD  WITH  RESTRAINED  STIFFNESS 


If  the  eigenfrequency  of  the  finite  element  model  of  the  structure  when  all  the  unknown  boundary 

bound  be  let  free  is  <of(i  =  1,2,"', m),  and  the  eigenvector  are  { ^  1  (i  -  The  eigenfrequecjy 

^#iFx  1  ^ 

of  the  fmite  clement  model  of  the  structure  when  all  the  unknown  boundary  bound  be  fixed  end  is  cuf(i  ^  1 ,2, 

••*,m)>  and  the  eigenvecior  are  1.  (i=  1,2, ••■»m).  ci)i(i=  l,2»*",ro)  is  the  tested  modal  parameter 

'■nS  X  1  ** 

of  the  structure.  Suppc.^  l,2/*«,m)  is  the  calculated  modal  parameter  when  the  boundary  bound 


stiffness  are  K®  kJ,— .K®,  and 

f  0  s  .  1  -% 

o)^  <  Oj  <  0)^ ,  i-l,2,**»,m 

Then,  the  boundary  bound  stiffness  can  be  got  with  interpolation  method,  it  is 

r 

a>,  —  w. 


(12) 


fc:  = 


~  t  r  ‘ 

0 

- 

r 

0 

r 

u. 

—  w. 

-k" 

W  ^1* 


(13) 


where  i  may  be  anyone  of 

As  a  general  rule,  the  unknown  boundary  bound  stiffness  affect  the  lower  eigenfrequeocy  most.  So,  for 
the  interpolating  of  equation  (13),  the  first  eiger  frequency  will  often  be  used,  we  have 


K. 


(14) 


After  the  bound  stiffness  Kj(;=  1,2,— ,L)  is  got  from  equation  (14),  we  calculate  the  eigenfrequency 
(uj  and  eigenvector  in  that  case.  Then,  we  continue  to  interpolate  with  the  calculated  eigenfrequency  and 
bound  stiffness  until  the  satisfying  result  of  eigenfrequency  and  eigenvector  which  are  equal  to  the  tested 
modal  parameters  are  got. 


2.  THE  INTERPOLATION  METHOD  OF  BOUNDARY  BOUND  MODE 
BRANCH 


If  {®^},  Is  the  j-th  branch  of  the  i-th  eigenvector  of  the  fiiiite  clement  model  of  the  structure  when 
ail  the  unknown  boundary  bound  be  let  free,  and  is  the  f-th  branch  of  the  i— th  eigenvector  of  the 

finite  element  mode!  of  the  structure  when  all  the  unknown  boundary  bound  be  fixed  end.  Then,  tbe  inter- 
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poladon  result  of  the  j-th  branch  of  the  i-th  eigenvector  is 


Generally,  the  first  order  eigenvector  was  taken  for  interpolating  calculation  (i=  I).  After  the  full  mod- 
er  was  got  with  full  mode  computation  method  Presented  by  Peng  Xiaohong,  et  al.  [I],  the  unknown 
boundary  bound  stiffnes  could  be  got  by  substituting  into  equation  (4).  Again,  we  calculate  the 

eigenfrequency  and  eigenvector  of  this  bound  stiffness  case,  we  continue  to  calculate  until  the  satisfying  re¬ 
sult  of  eigenfrequency  and  eigenvector  which  are  equal  to  the  tested  modal  parameters  are  got. 


AN  APPLIED  EXAMPLE 


Now,  we  applied  the  method  to  determine  the  boundary  condition  of  a  Multi-disk  system.  For  a 
Multi-disk  Rotor  system  of  Figure  I,  the  diameter  of  its  shaft  is  6mm,  the  length  of  the  shaft  is  290mm,  and 
the  shaft  is  fixed  in  two  bearings  at  both  ends  with  a  thin  502  glue.  The  Rotor  system  have  three  diskes.  one 
disk  weighs  608  grams,  the  other  two  diskes  weigh  559  grams  each.  These  three  diskes  are  fixed  in  the  shaft 
evenly. 

The  boundary  condition  of  the  Rotor  system  is  not  an  ideal  boundary  condition  of  simple  support. 
Figure  3.  is  the  mechanics  model  of  the  Multi-disk  Rotor  system. 


Ftfire  I.  M«lti-4bk  Kator  Systfa 

At  both  ends  of  the  shaft,  the  displacement  in  the  vertical  direction  is  equal  to  zero  (i,e.  be  fixed).  K, 
and  K,  represent  the  rotational  bound  stiffness  on  the  end,  and  K,  =  K]  =  K. 


Mode{0 

f,  =  47.43Hz 

fj=  123.52Hz 

fj«  224.86Hz 

Point  ^ ^ 

1 

2 

3 

1 

0 

0 

0 

2 

0.1245 

0.3550 

0.2442 

3 

0.2150 

0.0357 

-0.2082 

4 

0.1315 

-0.3534 

0.2068 

5 

0 

0 

0 

1 - 

Ttkkl.  Ttetei  Modal  Ptruuttn 
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Simple  Support  at  Both  Ends 

Fixed  End  at  Both  Ends 

Mode 

Consider  The 

Do  Not  Consider 

Consider  The 

Do  Not  Consider 

Rotetioaal  tnercift 

The  Routionel 

Rotational  Inertia 

The  Rotational 

of  The  Diskes 

Inertia 

of  The  Diskes 

Inertia 

t 

23.47Hz 

23.73Hz 

S2.9SHZ 

54.26Hz 

2 

90.S9HZ 

94.17Hz 

134.11Hz 

142.68Hz 

i 

191.42Hz 

202.93Hz 

1  1 

232.72HI 

237.S8HZ 

Table  2.  The  Eltn(K«Macy  1 FEM  of  Tbc  MaM-<ik  RUtt  Syitta  la  T»a  BaaiJary  Caadldaa  Caaa 


The  mode  of  the  Multi— disk  Rotor  system  was  excited  with  random  excitation  method  (by  using  an 
untounched  BJ-n  type  broad  band  electric  exciter).  After  modal  analysis  and  parameter  identification,  the 
tested  modal  parameters  are  got  as  table  I .  The  synthesized  amphtude-frequency  characteristic  and  fust  3 
mode  are  shown  in  Figure  2.  The  unknown  boundary  condition  need  to  be  determined  with  the  method  we 
put  forward. 

All  the  eigenfrequency  of  the  two  Finite  Element  Models  are  listed  in  Table  2.  The  first  Finite  Element 
Model  has  an  assumed  boundary  condition  of  simple  support  at  both  ends,  the  other  has  an  assumed 
boundary  condition  of  fixed  end  at  both  ends.  (  I,;  The  rotational  inertia  of  the  diskes)  The  unicnown 
boundary  bound  stiffness  Kj.K}  was  determined  with  the  method  we  presentd.  Figure  3  is  the  Mechanics 
Model  of  the  Multi-disk  Rotor  System. 

First,  with  the  interpolation  method  of  frequency,  the  unknown  bound  stiffness  is  determined  to  be: 

K,  =  Kj=  1472.4m  •  m 


(a)  Synthesized  Amplitude-Frequency 
Response  Characteristic 


FItercT.  Syetbedse4  Fwqecety  Rueoeet  Feectloe  ef  TV  Meltl-4lik  Rotor  Sysf 


lOSO 


In  thii  MM,  th«  aiftnfraqunncyM  of  tha  Pinit*  Elamant  Modal  aia: 

f,  =  47.72Hz, 
f,=  123.31Hz, 
f,= 220.40Hz, 

Than,  with  tha  Full  Moda  computation  Mathod  By  maant  of  Ganarlizad  Invanc  Matrix,  tha  unknown 
bound  stifTnau  i<  datarminad 

K,  Kj 


Finns.  TteMaekaakiMaJtlafTWRalatSyitta 

as  listed  in  Table  3.  It  it  an  approximate 


Bound 

Dotcnjuned 

Dettrminod 

Dottnaiiind 

Stiffoeu 

With  {♦}, 

With  {•}, 

With  (•}, 

Ri 

lll».22N>m 

MII.59N-ID 

22977.63N  •  m 

K. 

93S.4SN  •  m 

377.03N  •  m 

4062.56N  •  m 

Table  3.  The  Rmdia  of  Beaai  StUIaem  WItb  Fall  Made  CaaipaUdoa  Mclkad  Bj  Mew  ef  Ceaeriind 

eene  Matrix 

solution  of  the  bound  stiffness.  Because  in  the  computation  of  Finite  Element  Model,  the  nsult  of  lower 
eigenfrequency  is  more  accurate  than  the  result  of  higher  eigenfrequency.  So,  the  bound  itiffneu  determined 
with  lower  order  of  eigenvector  is  more  correct.  Here,  the  result  of  determined  with  is  more 

trustworthy.  So,  K,  =  K,=  1472.41N  •  m  is  taken  as  the  solution  of  the  unknown  boundary  bound 
stiffness,  and  a  Finite  Element  Model  of  the  real  structure  is  got.  With  the  Finite  Element  Model,  tha  error 
of  eigenfrequency  is  less  than  2Vt. 

To  verify  the  rightndss  of  the  boundary  condition  which  has  just  been  determined,  three  piacas  of  added 
mass  were  attached  to  the  three  diskes  of  the  Rotor  system.  Tha  added  mass  weighs  S4  grams  each.  After 
Modal  testing  and  analysis,  the  modal  parameters  of  the  modifyad  structure  were  got  as; 

f,  =  45.70Hz, 
f,=  n5.30Hz 
fj= 212.20Hz 

By  using  tha  structure  Finite  Elament  Model  which  has  the  determined  boundary  bound  stiffness 
K|  and  K2,  and  the  additional  mass  matrix  was  taken  at: 
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tliTM  eigaafraquancy  of  FEM  of  tha  modifyad  atnictura  wara  calculatad  u: 

f,  =  4S.73H2, 
fi=lI«.64Hz, 
f,=2n.54Hz. 

Tha  value  of  aiganfraqueocy  calculatad  with  the  FEM  of  the  modifyad  structure  is  consistaat  with  the 
tested  modal  parameters  of  the  modifyad  structure.  From  this  result,  it  clearly  shows  tha  boundary  bound 
stiffness  datarmanad  with  tha  method  we  presented  can  be  taken  as  tha  real  boundary  bound  sUfibass  which 
are  used  for  the  dynamic  computation  and  analysis  of  tha  structure. 
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ABSTRACT 

The  paper  presents  the  steps  involved  in  the  use  of  finite  elements  for 
the  analysis  of  vibration  problems.  Formation  of  stiffness  and  mass  matrices 
is  followed  by  discussion  of  techniques  of  reducing  the  size  of  the  matrices. 
Characteristic  polynomial,  vector  iteration,  and  transformation  methods  of 
eigenvalue  and  eigenvector  evaluation  for  free  vibrations  of  structures  are 
presented.  Damping  aspects  are  discussed  for  the  special  case  of  Raleigh 
damping . 


INTRODUCTION 

A  structure  vibrates  when  forces  of  variable  nature  are  applied  on  it. 
Sudden  application  or  sudden  release  of  forces  also  cause  the  structure  to 
oscillate  in  a  cyclic  manner  about  its  equilibrium  position.  If  an 
elastically  deformed  structure  is  suddenly  released,  the  resulting 
oscillations  are  referred  to  as  natural  vibration.  A  structure  modeled  as  a 
mass-spring  system  tends  to  oscillate  indefinitely.  The  frequency  of 
oscillation  is  called  the  natural  frequency.  For  variable  forces,  if  the 
disturbing  frequency  is  less  than  one  third  of  the  lowest  natural  frequency, 
the  structure  may  be  treated  as  static  and  mass  effects  need  not  be 
considered  111.  Vibration  in  real  structures  subsides  with  time  due  to 
damping  action.  Damping  in  structures  may  be  due  to  internal  material 
condition,  friction  in  joints,  or  external  dampers  introduced  to  absorb 
vibration. 

It  is  clear  from  the  discussion  above  that  evaluation  of  the  lowest 
natural  frequencies  is  necessary  to  predict  the  dynamic  behavior  of  the 
structure.  This  is  accomplished  by  considering  the  stiffness  and  mass 
effects  using  finite  elements.  The  vibration  control  aspects  require 
consideration  of  damping  in  the  system.  The  purpose  of  this  paper  is  to  give 
an  overview  of  the  use  of  finite  elements  for  the  analyses.  First,  the 
formation  of  stiffness  and  mass  matrices  is  considered.  Techniques  of  matrix 
size  reduction  are  discussed.  Methods  of  evaluating  natural  frequencies  or 
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equivalently  the  eigenvalues  are  presented.  Strategies  for  considering 
damping  effects  are  developed. 

STIFFNESS,  MASS,  AND  MATRIX  REDUCTION 


In  the  finite  element  analysis,  a  structure  is  divided  into  elements 
which  are  connected  at  nodes.  Consider  the . structure  shown  in  Fig.  1.  The 
nodal  displacements  referred  to  as  global  degrees  of  freedom  are  denoted  , 

Qj,  Oj .  It  is  convenient  to  consider  the  energy  in  the  structure  by 

considering  the  energy  contributed  by  each  element.  A  typical  element  is 
illustrated  in  Fig.  2.  The  nodal  displacements  of  the  element  are  denoted  , 
q^,  q^,  ...  .  These  may  be  referred  to  as  the  local  degrees  of  freedom.  The 
finite  element  model  expresses  the  displacement  field  in  the  element  in  terms 
of  the  nodal  displacements  of  the  element. 


GLOBAL  DOF 


g  LOCAL  DOF 


Figure  1  Structure 


Figure  2  Element 


The  total  strain  energy  in  the  structure  is  obtained  as  the  summation  of 
strain  energy  in  the  elements.  The  result  of  these  steps  is  represented  as 
follows : 


s.£.  -  i 

4  A  2 


Sotinft  that  in  dynanic  probleas*  the  nodal  diaplaceBents  are  functions 
of  time,  the  total  kinetic  energy  is  also  obtained  throufch  element  kinetic 
energy. 
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On  developing  the  Lagrange's  equations  of  motion,  the  finite  element 
representation  becomes: 


^  KQ  -  0 


On  setting 


Q  -  U  uoiat 


(4) 


where  y  is  the  circular  frequency  (=  2sf,  f  Hz)  and  U  is  called  the 
eigenvector  representing  the  corresponding  mode  shape.  Denoting  X  ~  where 
X  is  called  the  eigenvalue,  we  have, 

KU  -  il  MU  <  5 ) 


Stiffness  and  mass  matrices  for  various  structural  elements  are  presented  in 
f2,  31. 


Stiffness  and  mass  matrices  formed  above  are  square  matrices  of  size 
given  by  the  number  of  degrees  of  freedom.  Generally  these  matrices  are 
banded.  Some  techniques  of  eigenvalue  analysis  make  use  of  the  banded  nature 
of  the  matrices.  There  are  other  methods  which  work  with  full  size  matrices. 
In  these  cases,  it  will  be  of  interest  to  reduce  the  size  of  the  matrices. 
This  helps  in  handling  large  scale  problems  while  retaining  the  possibility 
of  calculating  significant  modes  of  vibration.  A  technique  commonly  used  is 
called  Guyan  Reduction  (4?. 

Guvan  Reduction 

The  key  here  is  to  identify  master  and  slave  degrees  of  freedom  111. 
The  master  degrees  of  freedom  control  the  eigenvalues  and  modes  desired  and 
slave  degrees  of  freedom  are  those  which  have  minimal  inertia  contribution. 
In  a  beam  bending  problem,  the  rotational  degrees  of  freedom  are  typical 
slave  degrees  of  freedom.  If  and  are  identified  as  master  and  slave 
degrees  of  freedom  respectively,  we  partition  the  stiffness  and  mass  matrices 
as  follows; 


K-.  K. 

U. 

-  \ 

U. 

Mi  M. 

U. 

The  slave  degrees  of  freedom  are  eliminated  using 

U,  -  -  Ki  U, 


In  the  computation^,,  the  inversion  need  not  be  explicitly  carried  out.  The 
product  T  =  K,,' c®"  be  obtained  by  applying  Gauss  elimination  on 


X055 


toKether  with  each  coluan  of  as  the  right  hand  side,  and  then 

backsubstituting  for  each  coluan.  Denoting  the  reduced  matrices  as  and 
respectively,  we  get 


T-K.‘Ki 

K,  -  (8) 

M,  -  -  M^T  -  T’Mi  ♦  T^M_T 


The  reduced  problem  is  given  by 


K,U,  -  XM,U. 


(9) 


Various  strategies  can  be  used  for  identifying  the  slave  degrees  of  freedom. 
The  idea  is  to  look  for  the  ratio  of  diagonal  element  of  K  and  the 
corresponding  diagonal  element  of  M.  The  degrees  of  freedom  with  largest 
ratios  are  candidates  for  slave  DOF.  For  a  detailed  account  see  fl,  5,  61. 
We  also  note  here  that  if  elements  of  and  are  all  zero,  the  Guyan 
reduction  is  precisely  static  condensation.  A  bound  algorithm  for  the 
reduction  has  been  presented  by  Wright  and  Miles  16].  The  stage  is  now  set 
for  discussing  the  techniques  of  finding  the  eigenvalues  and  eigenvectors. 

EIGENVALUES  AND  EIGENVECTORS 

The  eigenvalue-eigenvector  evaluation  procedures  fall  into  the  broad 
categories  of  characteristic  polynomial,  vector  iteration,  and 

transformation  methods.  Main  characteristics  of  these  techniques  are 
discussed  below. 

Characteristic  Polynomial  Technique 

Solution  of  the  problem  posed  by  (5)  or  (9)  is  equivalent  to  determining 
zeroes  of  the  polynomial  in  X  given  by 


detCK  -  XM)  -  0 


(10) 


The  eigenvector  corresponding  to  each  eigenvalue  is  then  evaluated.  This 
technique  is  quite  efficient  for  small  problems.  The  technique  is  also 
referred  to  as  determinant  search  method  1 81. 

Vector  Iteration  Methods 

Chief  among  the  vector  iteration  methods  is  the  inverse  iteration 
method.  The  method  uses  properties  of  the  Raxieigh  quotient.  We  start  with 
a  trial  vector  Uj  .  Then  for  steps  k  =  1,2,...,  we  determine  U2 ,  Uj ,  .  .  . 

S.i  T 
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The  inverse  iteration  converges  to  the  lowest  eigenvalue.  It  is  necessary 
here  that  the  boundary  conditions  are  applied  to  Modify  the  stiffness  to  make 
it  positive  definite.  We  also  note  that  the  banded  nature  of  the  stiffness 
and  Bass  natrices  can  be  effectively  used  in  this  method.  Higher  eigenvalues 
are  obtained  efficiently  by  excluding  the  apace  spanned  by  the  eigenvectors 
already  evaluated  using  the  GraM-Schaidt  Orthogonalization.  Subspace 
iteration  algorithn  proposed  by  Bathe  f91  involves  iteration  in  a  subapace  of 
dimension  determined  by  the  number  of  eigenvalues  desired. 

Transformation  Methods 

A  transformation  method  that  is  quite  efficient  for  small  scale  problems 
is  the  Generalized  Jacobi  Method.  A  series  of  transformations  Pj ,  Pj,  .  .  . 
are  used  such  that  if  P  represents  the  product 


P  -  P,Pi.J*. 


(12) 


then  the  off  diagonal  terms  of  p’riP  and  P^MP  are  simultaneously  zero.  In 
practice,  the  limits  on  off  diagonal  terms  may  be  set  as  10'°x(  smallest 
diagonal  stiffness  element)  for  stiffness  matrix,  and  10'‘x( largest  diagonal 
mass  element)  for  mass  matrix.  The  zero  check  is  more  efficiently  performed 
by  checking  elements  farthest  from  the  diagonal  to  the  diagonal  in  the  order 
(l.n),  (l,n-l),  {2,n),  (l,n-2),...  .  Since  initial  matrices  are  banded,  this 
approach  saves  computational  effort.  In  this  approach,  full  matrices  are 
used.  Both  stiffness  and  mass  matrices  need  not  be  positive  definite. 

There  are  other  transformation  methods  where  the  generalized  eigenvalue 
problem  is  first  turned  into  a  standard  form 


K  'MU  -  -V 
k 


(13) 


The  matrix  K'  M  is  then  tridiagonal i zed  using  various  trana format ion  methods 
such  as  Householder  method  or  Lanczos  method.  Required  eigenvalues  are  then 
determined  using  inverse  iteration.  QR  iteration  may  be  used  to  determine 
all  eigenvalues.  Lanczos  method  is  becoming  popular  for  large  scale  systems. 

Lanczos  Method.  In  the  tridiagonalization  process,  matrix  X  of  Lanczos 
vectors  Xj,  Xj ,  Xj,  .  .  .  represented  by 


is  chosen  such  that 


*  ■  [*i«  *2 . *s] 


(14) 


X^MX  -  I 
X'^MX  ‘MX  -  T 


(15) 


1057 


where  I  is  the  identity  matrix  and  T  is  a  tridiaRonal  matrix.  The  eiaenvaiue 
problem  in  the  tridiagonal  form  is  represented  by 


U  -  XO 

TU  -  J-O 
I 


(16) 


For  details  of  computations  for  the  formation  of  Lanczoa  vectors  refer  to 
(5,8,9).  Recently  considerable  research  has  been  devoted  to  the  development 
of  the  Lanczos  method.  Several  FRA  software  vendors  have  implemented  this 
method  in  their  codes.  The  main  problems  involved  are  in  overcoming  the 
roundinfi  off  errors  in  computations. 


DAMPING  CONSIDERATIONS 

With  dampinft,  the  equations  of  motions  for  free  response  are 


MO  +  CO  t  KQ  -  0 


The  damplns  matrix  C  is  rarely  developed  from  element  level.  A  common 
approach  is  to  assume  that  C  is  a  linear  combination  of  K  and  M.  Thus 


C  -  aK  PM 


( 18) 


where  •  and  p  are  scalars.  This  case  is  referred  to  as  Raleigh  clamping 
(9,10).  We  now  assume  the  steady  state  solution  to  117)  is  of  the  form 


Q  - 


(  19) 


Where  U  is  a  mode  shape.  Substituting  int  (17),  and  noting  Eq.(18l,  we  have 


KU 


Pj  »  g* 
1  +  «» 


MU 


(20) 


Comparing  the  above  equation  to  Eq.(5),  we  see  that  the  mode  shapes  of  the 
undamped  and  the  proportionally  damped  system  are  the  same.  Further  the 
quantity  within  brackets  is  simply  equal  to  square  os  the  undamped  natural 
frequency  y.  Thus 
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a-  - 


(21) 


- 

i  +  as 


Solvinn  for  s,  we  get 


s  -  -oC  •*•  *“g 
2«C  “  ««*  +  P 

«  a^X  -  f* 


where  f  is  the  damping  ratio  and  is  the  damped  circular  frequency  for  the 
mode  corresponding  to  natural  frequency  a.  Above  equation  helps  in 
determining  the  •  and  ^  experimentally  for  a  given  dynamic  structure  or  in 
the  determination  of  their  values  for  given  damping  ratios  |11|. 


DISCUSSION  AND  CONCLUSIONS 

Several  aspects  of  vibration  analysis  have  been  presented  in  this  paper. 
Finite  element  formulation  of  stiffness  and  mass  matrices  is  followed  by 
eigenvalue  and  mode  shape  determination.  Forced  vibrations  have  not  been 
considered  in  this  presentation.  We  have  discussed  Raleigh  damping,  but 
there  are  several  other  aspects  of  general  damping  have  not  been  considered 
here.  Hysteritic  damping  and  damping  considerations  in  viscoelastic 
materials  fl21  pose  challenging  problems. 
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ABSTRACT 

Coupled  free  vibration  characteristics  of  practical  bladed  disks  are  computed 
using  triangular  shell  element  and  cyclic  symmetry.  Potters’  method  is  used  for 
solution  of  the  eigenvalue  problem.  Blade-disk  joint  constraints  are  applied  based  on 
Love-Kirchhof f  hypothesis.  Blade  to  blade  variation  of  looseness  at  the  blade-disk 
joint  is  also  considered.  Results  of  three  practical  bladed  disks  with  different  blade 
aspect  ratios  and  having  approximately  the  same  disk  radii  ratio  are  presented.  For 
large  aspect  ratio  of  blades,  the  bladed  disk  vibration  behaviour  is  simple.  For  the 
medium  and  small  aspect  ratio  blades,  complex  mode  behaviour  is  observed. 

INTRODUCTION 

The  bladed  disk  assemblies  in  general  are  flexible  and  have  to  withstand  severe 
operating  conditions  such  as  large  centrifugal  force  loading,  higher  operating 
temperatures,  flow  induced  dynamic  loads  etc.  Therefore,  it  is  very  essential  to 
determine  the  vibration  behaviour  pattern  of  the  bladed  disk  from  design  point  of  view 
for  long  time  trouble  free  operation  of  the  machine  [1],  A  typical  turbine  bladed  disk 
constitutes  a  dynamic  system  in  which  different  flexibilities  of  its  components  such  as 
disk,  blades,  shrouds  etc,,  dynamically  interact  with  each  other.  Kuo  [2]  illustrated 
the  influence  of  blades  and  shrouds  upon  the  natural  frequencies.  Omprakash  and 
Ramamurti  (31  made  a  parametric  study  of  the  coupled  free  vibration  characteristics  of 
rotating  bladed  disks.  Irretier  and  Schmidt  [4]  used  receptance  techniques  and 
component  mode  synthesis.  They  emphasized  the  use  of  component  mode  synthesis  to  solve 
the  problem  of  mistuning.  Ewins  15,6]  has  done  a  detailed  study  to  understand  vibration 
behaviour  of  bladed  disks  and  addressed  to  the  problem  of  mistuning.  Ewins  and 
Imregun  (7]  made  studies  on  the  bladed  disks  with  packeted  blades.  Griffin  and 
Hoosac  [8]  considered  mistuning  using  spring  and  mass  constants  as  the  random  variables 
for  blades.  Pierre  and  Cha  [9J  and  Wei  and  Pierre  [10]  used  perturbation  approach  to 
explain  mode  localization  phenomena  in  a  mistuned  bladed  disk.  Afolabi  [11]  uses 
eigenvalue  spectrum  method  as  suggested  by  Ewins  [6]  and  he  classifies  [12]  the 
vibration  behaviour  of  mistuned  bladed  disk.  Finbow  and  Watson  [13]  presented  practical 
experiences  on  the  working  bladed  disks. 

The  aim  of  this  paper  is  to  study  the  vibration  behaviour  pattern  of  practical 
cases  of  steam  turbine  bladed  disks  which  are  in  operation.  A  triangular  shell  element 
is  used  for  both  disk  and  blades.  The  attachment  of  blades  to  the  disk  is  maintained  by 
a  set  of  constraint  equations  derived  from  Love-Kirchhof f 's  hypothesis.  Potters'  scheme 
and  cyclic  symmetry  [14]  are  used  to  solve  the  equations.  The  bladed  disks  which  are 
considered  for  the  analysis  have  blade  aspect  ratios  of  2.23,  3.1  and  4.4  with  disk 
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radii  ratio  (ratio  of  disk  inside  radius  to  outside  radius)  *£'  of  0.43.  0.49  and  0.45 
respectively.  For  blade  aspect  ratio  of  2.23  and  4.4,  the  results  are  given  for  three 
conditions  viz.  (i)  Analysis  of  a  sector  of  bladed  disk  containing  single  blade:  The 
vibration  behaviour  thus  determined  will  represent  the  one  for  tuned  bladed  disk,  (ii) 
Analysis  of  a  sector  containing  two  blades;  Here,  deviation  between  blade  to  blade  for 
root  looseness  has  been  studied,  (iii)  Analysis  of  a  sector  containing  four  blades: 
Here  different  conditions  of  variation  in  root  looseness  are  studied. 

FORMULATION 

Constraint  Equation 

Disk  and  blades  both  are  represented  by  shell  elements  owing  to  their  structural 
sizes  and  shapes.  A  three  noded  triangular  shell  element  with  six  degrees  of  freedom 

(DOF)  i,e,{  6  }  =  (u,  V,  w,  ,  fl  ,  6  per  node  is  used  for  the  analysis.  Here  u,v 

X  y  z 

are  the  inplane  displacements  and  w  is  the  bending  displacement.  0^^,  0y,  6^  are  the 

rotations  of  the  normal. 

Midsurfaces  of  disk  and  blade  do  not  lie  in  the  same  plane  (Fig.  1).  For  the  rigid 
root  fixity  conditions  perfect  matching  of  blade  and  disk  displacement  at  the 
blade-disk  Joint  nodes  is  to  be  assured.  This  is  done  by  Love-Kirchhoff  hypothesis  as 


(1) 


where  subscripts  'b'  and  'd'  refer  to  blade  and  disk  and  'z'  is  the  distance  between 
the  two  points  A^^  and  Aj(  shown  in  Fig.  1)  in  undeformed  condition. 

The  disk  is  divided  into  N  identical  sectors  of  which  one  sector  is  analyzed  by 
incorporating  proper  constraints  from  its  adjoining  sectors  using  cyclic  symmetry.  One 
sector  of  the  disk  containing  one  blade  is  shown  in  Fig.  2.  To  apply  Potters'  method 
the  sector  is  shown  divided  into  a  number  of  partitions.  From  this  figure  it  can  be 
seen  that  in  partition  No.  2,  there  is  one  blade  node  whose  displacement  is  to  be 
related  to  its  corresponding  disk  node  represented  by  b'  and  d'.  This  is  called  one 
joint  node.  Whereas,  for  partition  No.  3,  there  are  two  joint  nodes  'bj'  and  'bj'. 

corresponding  to  'd'  as  the  disk  node.  This  is  called  two  joint  node.  It  is  required  to 
eliminate  the  blade  displacement  at  the  joint  nodes,  as  per  Eq.  (1).  from  the  unknown 
displacement  vector  for  a  partition  in  which  joint  node  occurs.  The  resulting 
displacement  vector  (modified  displacement  vector)  is  only  solved  from  equilibrium 
equations.  The  process  of  elimination  of  blade  displacements  is  illustrated  here  for 
two  joint  node  partition.  The  details  for  one  joint  node  is  given  in  Ref.  [3]. 


Let 


{5>.  =  [6,,6,  ...6  ,  6..  ,  6  ...6  .  6^  ,  &  ...  6  1- 

1  12  d  bj  mj  mj  bj  ro^  mi 

be  the  displacement  vector  of  the  i^*"  partition  in  which  suffixes  1,  2,  mj,  d,b,  etc. 

are  the  node  numbers  in  that  partition  as  shown  in  Fig.  2.  6.  and  6.  are  the  two 

1  2 

blade  node  displacements  which  are  to  be  eliminated  by  relating  them  to  5^,  a 

corresponding  disk  node  displacement.  The  modified  displacement  vector  (6')^  “^^1*  ®2 

...  6  ,  6.,  6  ...6  ,6  ,  ...6  and  the  relation  is  given  by 

a  1112  m 


Wi  ■  ITJi  <6'}, 


(2) 
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where  [T^]^  is  the  transformation  matrix  which  is  given  by 


(2a) 


where,  [Rj],  (Rjl  and  (Rjl  are  the  unit  matrices  of  sizes  [6(mj+l),  6(mj+l)l, 

[6(mj-mj+l),  6(mj-m2+l)]  and  [6(m-m^+l),  6(m-m^+l))  respectively.  [Qj]  and  [Qj]  are  of 

size  (6,  6)  and  the  terms  of  these  matrices  are  obtained  by  using  the  constraint 
Eq.  (1)  for  blade  nodes  bj  and  bj  and  disk  node  d.  It  may  be  noted  that  for  one  Joint 

node  partition  CT^J  will  contain  the  above  matrices  excluding  [Qj]  and  (R^Jj  the 
resulting  matrix  [T^]  will  be  same  as  that  derived  in  Ref.  13]. 


Stiffness  And  Mass  Matrices 

The  element  stiffness  is  determined  by  triangular  shell  elements.  Masses  are 
lumped  for  translational  degrees  of  freedom  equally  at  the  three  nodes.  In  Potters' 
scheme  element  matrices  are  assembled  partition-wise  and  hence  the  matrix  equation  for 
the  eigen  value  'u*  is  written  as  (Ref.  114]). 
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where  IB^],  etc.  are  the  elements  of  partitioned  stiffness  matrix,  (z^)  is  the 

partitioned  eigenvector  and  [M]  is  dia  iMj,  Mj,  Mj  ...  with  M^  as  the 

partitioned  mass.  Suffix  'i'  represents  partition  number  and  there  are  (n+1)  partitions 
present  in  one  sector.  It  may  be  pointed  out  that  the  matrices  [B],  (A)  are  required  to 
be  transformed  using  transformation  matrix  given  by  Eq.  (2).  This  transformation  is 

explained  in  Ref.  (3),  In  Eq.  (3),  kj  =  e  and  kj  ”  i  =  and  m  is  the  wave 

1 

propagation  constant  which  relates  displacement  vectors  of  k  sector  and  its  previous 
sector  i.e.  (k-1)  by  the  equation  =  e  The  value  of  'jj'  depends  upon  the 

wave  number  or  the  number  of  nodal  diametral  mode  'n*  to  be  analyzed  such  that 


2«n 

N 


(4) 
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where  N  is  the  total  number  of  sectors;  'n'  can  take  followine  values 

n  =  0.  1.  2  _  (N/2)  for  N  even 

n  =  0,  1.  2  _  (N  -  l)/2  for  N  odd 

The  solution  of  Eq.  (3)  yields  modified  displacement  vector.  The  recovery  of 
actual  displacement  vector  can  be  made  by  Eq.  (2). 

CONDITIONS  OF  BLADE  ROOT  FIXITY 

In  analyzing  the  bladed  disk  assemblies  three  root  conditions  which  pertain  to 
different  blade  root  looseness  are  studied.  Looseness  is  modeled  as  follows.  There  are 
six  nodes  at  the  blade  root  which  Join  with  the  disk  nodes.  Out  of  these  six  nodes,  two 
nodes  which  appear  in  the  third  partition  are  released  and  the  displacements  are 
treated  as  DOF's  without  any  joint  constraint.  Whereas  for  a  tight  blade,  joint 
constraints  are  applied  for  all  the  nodes  as  described  earlier.  This  way  the  difference 
between  a  loose  blade  and  a  tight  blade  is  incorporated.  The  conditions  considered  are; 
1)  Single  blade  in  a  sector  without  releasing  the  nodes.  This  is  the  case  of  tuned 
bladed  disk  with  all  blades  attached  tightly.  2)  TWo  blades  in  a  sector  with  first 
blade  tight  and  the  second  blade  let  loose.  This  means  that  there  are  alternate  loose 
and  tight  blades  attached  to  the  disk.  3)  Four  blades  in  a  sector  with  first  and  fourth 
blades  tight  whereas  second  and  third  blades  have  looseness.  This  means  that  every  two 
tight  blades  are  followed  by  two  loose  blades  in  succession. 

ANALYSIS  OF  BLADED  DISKS 

The  results  obtained  by  the  present  method  are  compared  for  a  circular  disk 
considered  by  Salama  [15]  and  for  a  typical  Low  Pressure  (LP)  turbine  blade  for  which 
results  have  been  obtained  by  using  commercial  packages  PAFEC  and  VIPACK  and  by 
experiments  [16]  for  checking  the  computer  program  developed.  The  comparison  is  found 
to  be  excellent.  Three  bladed  disk  assemblies  which  are  in  operation  are  considered. 
These  assemblies  have  blade  aspect  ratios  (i.e.  ratio  of  blade  length  to  chordwise 
width  at  the  blade  root  profile)  of  2.23,  4. A  and  3.1  with  corresponding  disk  radii 
ratios  of  0.43,  0,45  and  0.49, 

Case  ^  Intermediate  Pressure  (IP)  Turbine  Stage 

This  is  a  case  of  an  IP  stage  of  110  MW  steam  turbine  with  168  blades  on  the  disk 
and  a  blade  aspect  ratio  of  2.23,  Three  conditions  (as  described  above)  are  considered 
for  analysis. 

Condition  1.  This  condition  represents  a  tuned  bladed  disk.  A  plot  of  natural 
frequency  versus  nodal  diameter  for  the  first  three  modes  is  given  in  Fig.  3.  Vibration 
modes  of  cantilever  blade  corresponding  to  first  flapwise  bending  (IB  -  tangential)  and 
first  edgewise  bending  (lEB  -  axial)  are  also  shown  in  this  figure.  From  this  figure  it 
is  observed  that  0  nodal  circle  axial  mode  frequency  rises  as  nodal  diameter  increases. 
This  curve  crosses  the  frequency  curve  for  tangential  vibration  around  10  nodal 
diameters.  Similarly  1  nodal  circle  axial  mode  frequency  curve  also  crosses  the 
frequency  curve  for  tangential  vibration  around  5  nodal  diameter.  At  the  cross  over 
region  the  mode  shapes  are  highly  coupled  with  tangential  and  axial  displacements. 
Similar  findings  have  been  experimentally  observed  by  Finbow  and  Watson  [13].  The 
tangential  vibration  frequency  curve  has  distortion  in  the  cross  over  region.  However, 
finally  it  settles  down  to  a  lower  value  and  fairly  remains  unaffected  by  increase  in 
nodal  diameter  after  12.  Omprakash  and  Ramamurti  [3]  have  also  reported  severe  coupling 
of  blade  and  disk  modes  for  small  aspect  ratio  blades  for  a  given  e.  It  may  be  pointed 
out  that  the  parameter  c  determines  the  flexibility  of  the  disk.  This  flexibility  can 
be  compared  with  the  flexibility  of  the  blades. 

Condition  2.  In  this  condition  the  second  blade  is  deviated  in  its  looseness  at 
the  root.  This  is  similar  to  a  bladed  disk  with  alternate  blade  having  looseness.  It 
may  be  noted  that  such  kind  of  looseness  may  be  prevailing  in  the  bladed  disk  at  the 
time  of  assembling.  The  results  under  this  condition  are  given  in  Fig.  4.  It  is 
observed  from  the  figure  that  the  tangential  mode  splits  into  two  curves.  The  lower 
curve  gives  predominantly  second  blade  tangential  mode.  Whereas  upper  cusrve  is  for  the 
first  blade.  Again  the  tangential  mode  frequencies  distort  due  to  the  cross  over  by  0 
nodal  circle  axial  mode  and  I  nodal  circle  axial  mode.  It  is  also  observed  that  for  0 
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nodal  diameter  the  tansentlal  modes  are  not  split  corresponding  to  first  blade 
vibration  or  second  blade  vibration.  Instead  both  blades  vibrate  tangentially  in  phase 
with  each  other  and  also  with  disk  (1117.97  Hz)  or  out  of  phase  with  each  other 
(1431.21  Hz)  or  both  blades  tangential  in  phase  with  each  other  and  out  of  phase  with 
disk  (1917.96  Hz).  This  behaviour  is  quite  peculiar.  It  is  likely  that  severe  coupling 
between  disk  and  blades  causes  this  behaviour.  Hence  it  may  be  realized  that  simple 
spring  and  mass  models  are  Inadequate  to  bring  out  this  type  of  behaviour.  It  may  also 
be  noted  that  deviation  in  the  blade's  root  looseness  has  clearly  isolated  the 
frequencies  and,  therefore  it  represents  the  practical  case.  Experimentally,  quite 
varied  frequencies  are  observed  for  a  practical  case  for  which  all  blades  may  not  get 
excited  for  a  given  resonance  frequency  (17]. 

Condition  3,  This  condition  represents  a  bladed  disk  for  which  after  every  two 
blades  there  are  two  consecutive  loose  blades.  The  mode  shapes  for  this  condition  are 
highly  complex  and  it  is  difficult  to  categorize.  Plotting  of  frequency  cuives  give 
confusing  trend  if  modes  have  not  been  correctly  identified.  Therefore,  instead  of 
plotting,  a  table  is  given  in  which  modes  are  approximately  identified.  Table  -  4  shows 
various  modes  and  their  frequencies.  The  tangential  mode  frequencies  are  split.  The  in 
phase  and  out  of  phase  motions  with  respect  to  each  other  are  mentioned  in  the  table. 

Case  2^  Low  Pressure  (LP)  Turbine  Stage 

This  is  a  case  of  an  LP  stage  of  110  HV  steam  turbine  where  there  are  132  blades 
on  the  disk  with  blade  aspect  ratio  of  4,4.  These  blades  are  long  and  twisted.  The 
analysis  is  done  upto  10  nodal  diameters  for  the  three  conditions. 

Condition  1.  A  plot  of  natural  frequencies  for  the  first  three  modes  versu' 
diameter  is  given  in  Fig.  5.  Vibration  modes  of  cantilever  blade  corresponding  i 
flapwise  bending  (IB  -  tangential),  first  edgewise  bending  (  lEB  -  axial)  and 
torsional  (IT)  are  also  shown  in  this  figure.  Frequencies  for  axial  vibrations  ini. 
with  nodal  diameter  and  the  rise  is  controlled  by  the  cantilever  blade  frequency  as 
blades  vibrate  along  with  disk.  Thus  for  higher  nodal  diameters  there  is  no  appreciably 
rise  in  frequency.  For  0  nodal  circle  mode  the  frequency  is  below  the  edgewise  bending 
mode  of  the  cantilever  blade.  One  nodal  circle  mode  is  here  combined  with  torsional 
mode  of  the  blade.  This  suggests  that  spring  and  mass  models  without  admitting  modal 
stiffness  and  modal  masses  for  torsional  modes  will  be  inadequate  to  explain  this 
behaviour.  The  1  nodal  circle  mode  at  10  nodal  diameter  is  below  the  torsion  mode  of 
cantilever  blade. 

V 

Condition  2.  The  results  of  the  analysis  are  given  in  Fig.  6.  It  is  observed  that 
0  nodal  circle  axial  frequency  behaves  as  in  the  previous  case.  The  tangential 
frequency  splits  into  two  and  both  are  marginally  affected  by  increase  in  nodal 
diameter.  Whereas,  combined  torsion  and  1  nodal  circle  mode  frequency  splits  into  two, 
one  of  which  is  for  blade  torsion  alone.  This  frequency  is  considerably  low  in 
magnitude  and  it  is  marginally  affected  by  increase  in  nodal  diameter.  The  second  one 
which  is  similar  to  combined  torsion  and  1  nodal  circle  mode  shows  a  similar  trend  as 
observed  in  Fig.  5.  The  split  in  frequencies  for  the  tangential  and  torsional  mode  is 
due  to  the  looseness  created  in  the  second  blade. 

Condition  3.  The  results  of  the  analysis  are  given  in  Fig.  7.  Here  also  the 
0  nodal  circle  axial  mode  frequency  shows  similar  trend  as  observed  in  Figs.  5,  6. 
Tangential  vibration  mode  splits  into  four  frequencies  -  two  for  the  tight  blade  and 
other  two  for  the  loose  blades.  So  it  forms  two  groups.  In  each  group  the  two 
frequencies  are  very  close  and  at  times  it  is  very  difficult  to  distinguish  them  on  the 
graph.  In  case  of  torsion  mode  also  two  groups  are  foarmed.  The  first  group  in  which 
only  one  frequency  is  present  is  for  combined  blade  torsion  and  1  nodal  circle  mode. 
Whereas  Che  second  group  has  3  close  frequencies  corresponding  to  blade  torsion  mode 
only.  The  trend  of  these  curves  is  very  similar  to  those  in  Figs.  5  and  6. 

The  general  observation  from  this  analysis  is  that  the  axial  mode  of  0  nodal 
circle  does  not  split  in  spite  of  the  root  looseness.  This  mode  crosses  over  tangential 
vibration  mode.  There  is  little  coupling  between  these  two  modes.  This  phenomena  is 
also  seen  for  the  long  blades  in  Ref.  [3].  Therefore,  large  aspect  ratio  blades  which 
behave  like  beams  can  be  represented  by  spring  and  mass  models  for  bladed  disk 
analysis. 
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Case  3;  High  Pressure  (HP)  Turbine  Stage 

This  is  a  case  of  a  HP  stage  of  236  MW  steam  turbine  where  there  are  94  blades  on 
the  disk  with  blade  aspect  ratio  of  3.10.  In  this  case  only  condition  no.  1  (i.e.  the 
sector  containing  one  blade)  is  considered.  Conditions  2  and  3  have  not  been  considered 
as  the  trend  due  to  blade  root  looseness  variation  has  been  obtained  for  the  extreme 
cases  of  blade  aspect  ratios  given  above.  The  analysis  was  done  upto  45  nodal 
diameters.  For  each  diametral  mode  first  three  modes  are  obtained.  The  natural 
frequencies  for  these  modes  are  plotted  against  nodal  diameter  as  shown  in  Fig.  8. 
These  modes  depict  both  axial  and  tangential  vibrations  of  blades.  The  coupled  modes 
are  observed  around  fifth  nodal  diameter.  All  these  modes  show  general  tendency  of 
increase  in  frequency  value  with  respect  to  nodal  diameter  from  0  to  (approximately)  10 
and  thereafter  less  significant  change  is  observed  with  increase  in  nodal  diameter. 

CONCLUSIONS 

The  above  analysis  shows  behaviour  of  both  axial  and  tangential  modes  of  vibration 
for  practical  bladed  disks.  From  the  behaviour  pattern  of  these  bladed  disks  following 
points  have  been  concluded  - 

1.  For  small  aspect  ratio  blades,  the  bladed  disk  modal  behaviour  is  highly 
coupled.  Therefore,  it  is  desirable  to  perform  detailed  analysis  using  FEM  instead  of 
lumped  spring  and  mass  models. 

2.  For  large  aspect  ratio  blades,  the  bladed  disk  behaviour  is  simple  and 
insignificant  coupling  of  blades  and  disk  is  observed.  Therefore,  the  lumped  spring  and 
mass  models  can  be  used  adequately. 

3.  For  large  aspect  ratio  blades,  the  torsional  mode  is  observed  to  be  combined 
with  one  nodal  circle  mode. 

4.  The  root  looseness  has  no  influence  on  the  zero  nodal  circle  mode  for  all  the 
cases  considered. 

5.  For  medium  aspect  ratio  of  blades,  the  blaCes  and  disk  modes  tend  to  couple. 
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TABLE  1  NATURAL  FREQUENCIES  IN  Hz  FOR  CASE  NO. 1 .CONDITION  NO. 


Nodal 

Dia. 

0  Nodal 

Circle 

Tangential  motion 
for  2'''**and  3'^**blades 

Tangential  motion 
for  l®^and  A**'blades 

1  Nodal 

circle 

In  phase 

Out  of 
phase 

In  phase 

Out  of 
phase 

0 

2A2.33 

2 

269.26 

1287.11 

1285.15 

1622.23 

16AA.53 

1370.20 

5 

557. 9A 

1291.91 

1288.01 

1703. lA 

1707.71 

1731.68 

7 

931. 3A 

1296. A6 

1288.09 

16A7.30 

16A6.57 

2398.27 

8 

1190. A8 

130A.53 

1288. AO 

16A9.37 

16A6.58 

2687.31 

9 

1275.79* 

1382.03 

1293. A8 

1652.27 

16A7.27 

- 

10 

1A33.1A* 

1285.37 

1391.66 

1666.09 

16A9.65 

- 

15 

23A5.A1 

1290. A1 

138A.93 

1A89.91 

16A5.97** 

*“ 

20 

2615.13 

1290.93 

1A08.12 

1A62.77 

16A6.A7** 

** 

A 

For  0  nodal  diameter  following  frequencies  are  observed  which 
could  not  be  put  in  the  categories  mentioned  above: 

1)  1113.58  Hz  -  All  blades  tangential  motion  in  phase  with  disk 

2)  1277. 7A  Hz  -  1®^  and  A***  blades  axial  with  1  nodal  circle  and 

..nd  ^td  4  nn 


3)  1282. 3A  Hz 


A)  16A3.83  Hz  -  r 


5)  1A3A.50  Hz 

6)  1920.88  Hz 


and  3  blades  strong  tangential  motion 
and  A^*"  blades  axial  with  1  nodal  circle  and 
blade  strong  tangential  motion 

and  A^**  blade  tangential  out  of  phase  with  each  other 


2  and  3  blade  strong  tangential  motion 

All  blades  tangential  motion  out  of  phase  with  disk 


»  This  mode  is  mixed  with  2"**  and  3*^**  blade  in  tangential  motion 

st 

»*  This  mode  gives  tangential  motion  for  1  blade  only 


NAiuRM  meoucNCv*  hx 


Nodol  <tl8 

FIG.  7  NATURAL  FREQUENCIES  FOR  CASE-2 
CONDITION -3 
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